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ABSTRACT

I

njuries sustained to the peripheral nervous system disrupt the body’s major
signalling pathway, leading to pain or paralysis. The treatment of serious peripheral
.nerve injuries currently relies on the use of autografts, whereby secondary nerves
are sacrificed to treat the pathology. Recently, scientists and clinicians have sought
alternative treatments based on engineered tissue scaffolds that may effectively replace
grafted tissues. Several peripheral nerve guides (PNGs) are already available, however
patient recovery outcomes using PNGs have thus far been poor compared to autograft
treatments. The limited efficacy of current-generation PNGs has been attributed to their
failure to replicate the complex structure and biofunctionality of nerve tissue. In this
thesis, we explore materials and fabrication processes with the aim of forming multifunctionalised PNG fibers with the potential to accelerate nerve repair.

The anionic polysaccharide gellan gum (GG) was assessed for its potential to directly
encapsulate neural cells, as well as contribute to the PNG fabrication process. GG was
purified to its sodium salt (NaGG), which exhibited processing characteristics that were
favourable for biofabrication techniques including casting, reactive printing and wet
spinning. NaGG hydrogels were visualised using scanning electron microscopy,
confirming high levels of internal porosity. A variety of cell types including fibroblasts,
skeletal muscle cells and neurons were encapsulated within NaGG hydrogels and
remained highly viable. However, many cells also exhibited increased clustering and
diminished differentiation compared to controls, with a reduction in neuronal
differentiation and neurite extension being of most concern for PNG applications.
Mechanical testing of NaGG hydrogels revealed them to be weaker and more rigid than
neural tissues, in line with comparable polysaccharide hydrogels. An alternative material,
type-I collagen, was successfully extracted from rat tails at high purity and confirmed to
be highly supportive for PC12 cell differentiation. Electron micrographs of our type-I
collagen hydrogels revealed a porous fibrillar network in line with previous reports.
Whilst collagen’s gelation behaviour was not ideal, rheological studies identified a short
processing window that was later applied for the wet spinning of multi-material fibers.
Finally, a short peptide sequence containing the cell-adhesion motif arginine-glycineaspartate (RGD) was coupled to NaGG using carbodiimide chemistry to 40 % yield.
RGD-GG retained the favourable processing characteristics of NaGG, whilst improving
metabolic activity in encapsulated cells and supporting high rates of differentiation in
encapsulated skeletal muscle cells and primary cortical neurons. However PC12 cells
remained poorly differentiated in RGD-GG and it was concluded that the PNG should
have a multi-material design incorporating distinct materials tailored for cell support,
mechanical strength and processing characteristics.
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Conductive materials were prepared and assessed as potential electrode materials for the
stimulation of regenerating axons within a multi-functional PNG. We assessed a range
of biopolymers as alternative dopants for the conducting polymer poly(3,4ethylenedioxythiophene) (PEDOT). In initial screening, dextran sulfate (DS) was found
to be a promising material, with PEDOT:DS having physical and electrical properties
comparable to the widely applied PEDOT:PSS. PEDOT:DS was polymerised both
chemically and electrochemically, with electrochemically deposited films being the most
suitable for cell stimulation. Reduced liquid crystalline graphene oxide (rLCGO) fibers
were formed by wet-spinning, and then assessed as a potential template for PEDOT:DS
electropolymerisation. Whilst rLCGO was ultimately deemed to be a poor template for
PEDOT:DS, the fibers exhibited promising electrical properties and an aligned
topography that rendered them promising for neuronal stimulation and alignment.
PC12 cell stimulation experiments performed using rLCGO, PEDOT:DS and gold
stimulation electrodes further supported the application of rLCGO fibers as substrates for
neuronal cell stimulation and guidance. PC12 cells adhered directly to rLCGO fibers
whilst electrical stimulation was applied exhibited extensive neuronal outgrowth that
aligned along the rLCGO’s microstructure.

Finally, we developed two distinct biofabrication processes to pattern biomaterials and
conductors towards the ultimate goal of prototyping a multi-functional PNG. A reactive
printing process based on co-extrusion of polysaccharide and cross-linking solutions was
developed for both automated and hand-held devices. Hand-held bioprinting was found
to be an inexpensive yet versatile method of fabricating complex cell-laden hydrogels,
and we applied the technique to encapsulate primary mouse cortical neurons and glia
within a multi-layered RGD-GG hydrogel reflective of the cerebral cortex. Despite
significant benefits, the reactive bioprinting process was not suited to the formation of
multi-functional PNG fibers, and an alternative approach based on wet spinning was
pursued instead. Using customised, multi-outlet spinnerets, PNG fibers were generated
with a wide variety of internal geometries and material compositions. Applying a
‘pultrusion’ technique, rLCGO fibers, collagen channels and live PC12 cells were all
successfully positioned within prototype PNG fibers. Once encapsulated within the
fibers, PC12 cells exhibited high degrees of differentiation and aligned neural
outgrowths, behaviours that underlined the potential of these multi-functionalised fibers
for application as PNGs.

Overall, this thesis makes a significant contribution to the fields of biomaterials science,
biofabrication and tissue engineering. As well as furthering the design of nextgeneration PNGs, our materials and processing techniques may also aid in the
fabrication of a wide range of engineered tissues towards the ultimate goal of providing
improved clinical therapies for soft tissue pathology.
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Chapter 1:

INTRODUCTION

T

he nervous system is a large and complex network that enables the flow of
information throughout the human body. Injuries to any part of the network can
.
disrupt this critical function, and patients with nerve damage frequently experience
symptoms that extend far beyond the original injury site. Naturally, new treatment
options that provide effective and reliable therapies for nerve injuries are highly sought
after. Meanwhile, the emerging technology of biofabrication promises to revolutionise
the field of tissue engineering and yield new therapies for tissue damage across many
parts of the human anatomy. Leveraging this new technology affords the opportunity to
craft biological materials into complex and clinically relevant structures, including those
suitable for the treatment of nerve damage. This chapter introduces the structure and
functions of the nervous system, and explores the potential of biofabrication as a means
of engineering bioactive guides for the treatment of peripheral nerve injuries.
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1.1 Nerves
1.1.1 Structure and Function
All living organisms require the ability to perceive and respond to the world they
inhabit. Most animals, including humans, achieve this with the aid of a system of
information collection, communication and processing known as the nervous system.
The core element of the nervous system is the neuron, a highly specialised cell able to
receive and deliver signals between disparate locations in the body. Each neuron has a
main cell body, or soma, that houses the nucleus and the majority of the cell’s organelles
[1]. From this soma, specialised projections known as axons and dendrites can extend to
many times the diameter of the soma (Figure 1.1: A). The size, number and orientation
of these projections vary greatly from neuron to neuron, and significantly influence the
functional behaviour of the cell [1, 2]. Dendrites are responsible for signal collection and
integration, they typically sprout from the soma and may develop elaborate branched
patterns known as the dendritic tree. A well-developed dendritic tree is associated with
neurons that play a significant role in information processing, such as the pyramidal
neurons of the brain [3]. The other major projection of neural cells is the axon.
Compared with dendrites, axons are long and linear structures, and branch only as they
reach their terminus. The axon acts as a thoroughfare for signals being transferred by a
neuron and axonal projections are the longest, single-cellular structures in the body stretching to over a meter in the case of the sciatic nerve [2]. Many axons are coated by
a supportive structure known as myelin. Myelin is a multi-layered structure of proteins
and lipids that wrap coaxially around the axon acting as a dielectric layer to shield axons
from external electric fields and ion fluxes in the interstitial fluid [4]. An individual
myelin sheath coats approximately 1 mm of axon and is separated from adjacent sheaths
by a 1 µm spacing known as the Node of Ranvier. Myelination is conducted during
axonal growth by Schwann cells or oligodendrocytes, two examples of a broad array of
support cells collectively known as glia. Glial cells perform numerous functions that
support neural tissue including anchoring, phagocytosis, trophic support, regulation as
well as myelination. Overarching reviews on glia and their functions can be found in
Jessen [5] or Ndubaku and de Bella [6].

Irrespective of its location and specific role, the core function of a neuron is the
conduction of signals from inputs, commonly located on the dendrites, to outputs at the
axon termini. The mechanism of this conduction was a topic of significant research in
the mid-20th century [7], and is now known to be associated with a wave-like
propagation of cross-membrane ion fluxes known as an ‘action potential’. Whilst
multifaceted, action potentials are primarily mediated by ion-fluxes of sodium (Na+) and
potassium (K+), which are transferred across the cell membrane by ion-pumps. When at
rest, neural cells actively maintain an imbalance of these ions across their cell
membranes by pumping Na+ out, and K+ in (Figure 1.1: B1), and hold a ‘rest potential’
across the membrane in the order of -70mV. From this state, voltage-gated Na+ ion
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channels on the cell surface respond to electric field fluctuations, opening to allow the
rapid uptake of Na+ if the local potential rises to a threshold, typically -55 mV (Figure
1.1: B). The opening of one voltage-gated ion channel, and the associated influx of Na+,
causes a depolarisation of the membrane that, in turn, triggers the opening of adjacent
channels. In this manner, the action potential self-propagates across the surface of the
cell, effectively connecting the site of initial stimulus to the distal axonal termini. After
one of these action potential events has passed, ion pumps in the cell surface re-establish
polarisation across the cell wall by the expulsion of K+ (Figure 1.1 B3) followed by an
expulsion of Na+ and return of K+. After this ‘refractory period’, the cell again becomes
responsive to new action potentials.

Beyond this basic mechanism, a large number of other factors serve to modulate the
excitability of neurons, notably calcium [8, 9], chloride [10], neurotransmitters [11] and
glial cell signalling [12-16], factors which are often interlinked. One of the key
structures through which nerve action potentials are controlled is the synapse [1, 15]. In
brief, synapses are semi-enclosed junctions between a neuron and a connected cell,
which may include muscles, sensory organs or other neurons. At the boundary of the
synapse, neurons stockpile neurotransmitters inside packets known as synaptic vesicles.
The arrival of an action potential triggers the release of these neurotransmitters into the
synaptic cleft, at which point they are available to bind to receptors in the post-synaptic
tissue and elicit either excitatory or inhibitory effects [11]. Due to their critical role,
significant research has been conducted to elucidate the structure and function of the
synapse [17], as well as the specific physiological responses induced by the many dozens
of known neurotransmitters [16, 18-20]. A complete review of synapses and
neurotransmitters will not be attempted here.
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Figure 1.1: Nerve Structure and Function: (A) Schematic diagram showing the key features of a
myelinated nerve cell. (B1–B3) The ion fluxes through an action potential firing event, (B1) Rest state high external Na+ concentration and high internal K+. (B2) Depolarisation phase - voltage-gated sodium
channels open and rapidly uptake Na+ ions from the interstitial fluid. (B3) Repolarisation - potassium
pumps open to release K+, returning the cell to rest potential. (C) The potential across the cell membrane
of a neuron during the passage of an action potential.

1.1.2 The Peripheral Nervous System
The human nervous system is separated into the central nervous system (CNS),
comprising the brain and spinal column, and the peripheral nervous system (PNS),
which encompasses the remaining nerve tissues. In broad terms, the CNS is primarily
engaged with information processing whilst the PNS interconnects the body’s various
tissues and organs to collect and distribute signals for the CNS [2]. The vast majority of
peripheral nerves stem from the spinal cord, and are interchangeably termed efferent or
motor neurons if they deliver signals to the periphery, or afferent/sensory neurons if
they return them to the CNS. Efferent (motor) neurons sprout from the ventral root
ganglion (VRG) and extend to innervate muscles and organs whilst afferent (sensory)
neurons rejoin the spinal column at the dorsal root ganglion (DRG). Both the VRG and
DRG merge into one of 62 spinal nerves (31 on either side of the spinal column) before
branching into smaller nerve bundles as they reach towards their target tissue. Peripheral
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nerves vary greatly in size and complexity, with the largest (the sciatic) being over half a
meter in length, with a diameter of 10 mm at the thickest point and numerous branches
[21]. Further information on the structure, positioning and branching patterns of nerves
in the PNS may be found in Snell [22]. In most cases, peripheral nerves encapsulate
thousands of individual axons along with support cells, sheathing layers and vasculature
(Figure 1.2: C). Axons in peripheral nerves are closely associated with Schwann cells,
being the major glia of the PNS [13, 22]. Schwann cells are highly active in the
developmental stages of the PNS [23], producing and remodelling the extracellular
matrix (ECM) environment within nerve fibers and secreting neurotrophic factors,
including nerve growth factor (NGF), that play a key role in the development and
guidance of axons [24]. During the development of peripheral axons, Schwann cells
wrap concentrically around the axon, secreting lipids and proteins to form myelin [4].
Unlike the oligodendrocytes of the CNS, Schwann cells remain in intimate contact with
the myelin sheath after its formation, providing ongoing support and maintenance of
the myelin and axons in fully developed tissue [12]. These resident Schwann cells also
play a key role in nerve regeneration following injury, a role that will be discussed
further in Section 1.1.4.

Figure 1.2: The Peripheral Nervous System: (A) Diagram of the major peripheral nerves as they are
positioned within the human body. (B) The boundary of the peripheral and central nervous system.
Dorsal and ventral roots emerge from the vertebra of the spine and combine into the spinal nerve that
subsequently branches to reach peripheral tissues. (C) A nerve, comprising many individual myelinated
axons arranged into distinct bundles called fascicles. Blood vessels and supporting cells are also enclosed
within the nerve fiber by an outer sheath called the epineurium. Figures reproduced from Drake [25] and
Cummings [26].
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1.1.3 Peripheral Nerve Injury
Damage sustained to any part of the nervous system can have serious and debilitating
health consequences including paralysis [27], neuropathic pain [28], phantom limb
syndrome [29] or even systemic failure and death in some degenerative disorders [30,
31]. Unlike the CNS, peripheral nerves are not supported by bones or protected by the
blood/brain barrier, increasing their exposure to traumatic damage. In a 2009 survey of
clinicians, Scholz et al. found that peripheral nerve injuries (PNI) were most commonly
caused by trauma (86.94 ± 15.02 %), with minor contributions from surgery (7.52 ±
9.84 %) tumours (3.97 ± 5.69 %) and congenital abnormalities (1.58 ± 2.91%) [32]. The
prevalence of extremity trauma in the community has led to estimates that over 60,000
individuals require treatment of PNIs annually in the USA, despite absolute incidence of
PNI following limb trauma being only 1.64 % [33] (Figure 1.3).

Figure 1.3 Peripheral Nerve Injury: (A) PNIs are most often attributable to traumatic injury, with the
next three most common causes; surgery, tumours and congenital abnormalities collectively accounting
for only 13% of reported injuries. (B) The estimated rate of peripheral nerve injury requiring treatment
annually in the USA. (C) The two major schemes for PNI characterisation, the Seddon and Sunderland
systems, define PNI severity in terms of the layers of nerve tissue that are impacted. Injuries that
substantially disrupt the endoneurial, perineurium or epineurium are likely to require surgical
intervention. Data compiled from Scholz [32] and Taylor [33]. Nerve injury image based on original in
Netter’s Orthopaedics [34].
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The severity of peripheral nerve injuries can vary greatly. In 1943, Seddon developed the
first formal classification system for PNIs, describing three categories of injury severity
being neurapraxia, axonotmesis and neurotmesis [35]. The lowest category, neurapraxia,
refers to a temporary loss of conduction through the nerve, without structural damage to
the nerve fiber or axons. Recovery from neurapraxia typically occurs without medical
intervention over days to weeks. A second category injury (axonotmesis) involves a
physical break in the axon, but the perineurium, epineurium and other structures of the
nerve fiber remain intact. Autonomous recovery from these injuries is possible, however
fibrosis may block axonal regeneration if recovery is not promptly achieved [36]. The
final category of the Seddon classification system, neurotmesis, refers to injuries that
significantly damage or even completely separate the entire nerve, including both axons
and support tissue. In neurotmesis functional recovery is rare and surgical intervention
is required to support and guide axonal regeneration. In 1951, Seddon’s system of PNI
categorisation was refined by Sunderland [37], expanding Seddon’s axonotmesis and
neurotmesis into four distinct categories based on the specific structures within the nerve
fiber that are impacted by injury. In either system, surgical intervention is required for
injuries that cause significant damage or dissociation of the supportive structures of the
nerve, whilst axonal breakages without such collateral damage typically self-heal. The
physiological processes that drive this recovery are further explained in the next section.

1.1.4 Physiological Response to PNI
As noted in the preceding section, the PNS exhibits a significant capacity for self-repair.
The physiological mechanisms involved in this recovery are complex, however many
aspects of the regenerative process have been resolved; a summary of the key steps can
be found in Burnett and Zager [36], or in greater detail in Christe and Zochodne [38].
The following section describes the biological response to an axonotmesis injury, where
there has been a complete separation of the axon but the supportive layers of the nerve
fiber remain in place.

Immediately following an axonotmesis injury, resident Schwann cells distal to the injury
site detect changes in the behaviour of the nerve [38] (Figure 1.4: A). This trigger causes
Schwann cells to revert from their myelinated state into an active form, and they
become chief participants in the recovery process. The reverted Schwann cells recruit
macrophages from surrounding tissues and both infiltrating macrophages and Schwann
cells actively disassemble components of the distal nerve tissue, particularly the myelin
and axonal debris (Figure 1.4: B). Simultaneous to the Schwann cell response, a second
process known as Wallerian degeneration begins within the distal nerve fiber. The exact
mechanisms of Wallerian degeneration is a topic of ongoing research [38], however the
1-2 week process appears to be orchestrated by biochemical cascades internal to the axon,
rather than by phagocytotic or glial interactions [39, 40]. Whatever the physiological
mechanism, Wallerian degradation results in complete destruction of the axon distal to
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the injury site and proximal die-back to the closest Node of Ranvier, clearing a path for
axonal regeneration. During this period of programmed cell death and phagocytosis, no
electrochemical signals are able to reach the distal tissue formerly innervated by the
axon. This inactivity may cause the disconnected tissue to atrophy, exacerbating the
impact of the PNI and lengthening the recovery process [27, 41].

After Wallerian degradation, the Schwann cells which formerly myelinated the distal
axon collapse into the void to form a proto-channel known as the bands of Büngner.
This structure provides a highly favourable regeneration environment that is able to
support and guide regenerating axons should they return to the structure. The window
of opportunity for the favourable regeneration is limited however, as the structure
progressively degrades by a combination of collagen fibrosis and macrophage
degradation as Burnett and Zager report, “If the endoneurial tube does not receive a
regenerating axon, progressive fibrosis ultimately obliterates it” [36]. The time
dependence and spatial constraint of this structure within the endoneurial tube is a
significant factor in the varying recovery outcomes seen for injuries of types II and
above in the Sunderland scale. If the supportive layers of the epineurium, perineurium or
endoneurium are damaged, it is less likely that the bands of Büngner will align with the
proximal nerve stump, and the regenerating axon will not benefit from the support and
guidance the structure provides.

Following the formation of the Bands of Büngner, the proximal nerve stump may
actively regenerate. This process begins with the formation of a growth cone at the
axonal tip (Figure 1.4: C). Growth cones are a key structure in the nerve regeneration
process, and have been studied extensively since their discovery by the neuroscientist
Santiago Ramon y Cajal in 1890 [42-44]. Growth cones contain a specialised
cytoskeleton, primarily of actin and tubulin subunits that are constantly and
dynamically remodelled. These cytoskeletal elements spread in a web-like arrangement
from the axon tip, creating numerous projections from the cell body known as
lamellipodium and filopodium. These extensions are highly sensitive to a wide range of
physical [45, 46] and chemical [47] signals in the extracellular environment, which in
turn modulate the growth cone’s growth rates and direction. Ca2+ and cyclic nucleotide
signalling are understood to be key factors for growth cone guidance, exhibiting
functional impacts on the biochemical cascades within the growth cone that ultimately
guide the steering mechanisms for the structure [47, 48]. Neurotrophins also play an
important role in the path-finding behaviours of growth cones [49, 50]. For example,
nerve growth factor (NGF) is known to be of importance to the initiation and support
of axonal outgrowth [44, 51], whilst brain-derived neurotrophic factor (BDNF) and glial
cell derived neurotrophic factors (GDNF) exhibit protective roles in the distal nerve
tissue [50]. During recovery, this neurotrophic support and guidance is provided by a
combination of the proximal nerve stump and resident glia, particularly the Schwann
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cells forming the bands of Büngner [43, 50]. Growth and guidance are also modulated
by physical cues, notably the availability of adhesion sites in the extracellular matrix
[52], and the forces imparted on the cytoskeleton [45, 46], both of which dynamically
impact the internal structure of cells. Collectively, these factors combine to create an
extremely sensitive and dynamic system at the growth cone. Supporting and guiding
this structure is one of the key goals in peripheral nerve regeneration.

Figure 1.4 Pathophysiology of Regenerating Peripheral Nerve Tissue: (A) A functional, myelinated axon
is disrupted by injury. (B) The proximal nerve stump recedes to the closest node of Ranvier, whilst the
distal nerve stump is removed and remodelled by infiltrating macrophages and dedifferentiated Schwann
cells, preparing the area for axonal regeneration. (C) A growth cone is established at the proximal nerve
stump and regeneration is guided by physical and trophic cues provided by Schwann cells and the ECM.
(D) After sufficient axon extension has occurred, new synapses are established to reinnervate the target
tissue, restoring function. Figure designed with reference to Nectow et al. and Navarro et al. [53, 54].

For moderate injuries of Sunderland grade II, the growth cone will likely be successfully
guided to the distal target tissue and the formation of new synaptic junctions at this
interface is the penultimate step in the recovery process (Figure 1.4: D). In some cases,
changes to the structure of the distal tissue during the recovery period mean the new
synapses do not ideally align with the formerly innervated sites. This misalignment can
result in improper signalling between the CNS and the target tissue, reducing functional
recovery or causing secondary symptoms such as neuropathic pain or distonia [54].
There is growing evidence, however, to suggest that plasticity in the CNS is sufficient to
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remap the neural pathways and restore functional control after reinnervation, even if
the neuromuscular junction sites differ from those originally present on the tissue [54].
Following successful return of signalling, the distal tissue progressively recovers from
atrophy, with maximal recovery outcome typically reached between 10 and 20 months
post injury [32].
In summary, this section has described the key physiological processes that follow a
peripheral nerve injury. Due to the complex interplay of biological processes required,
the structural integrity of the nerve fiber is a prerequisite for successful regeneration.
Peripheral nerve injuries with Sunderland classifications above II exhibit damage to the
supportive layers of the nerve, and the resulting disruption of the recovery process
compromises recovery outcomes. The following section describes current strategies
available to clinicians for the repair of serious PNIs that include structural damage to the
nerve fiber.

1.1.5 Clinical Treatment Strategies for PNI
Serious structural damage to a peripheral nerve fiber may overwhelm the body’s capacity
for autonomous repair. Severe PNIs are currently treated clinically by one of three main
methods; coaptation, autograft or the implantation of artificial guides. All three
approaches aim to leverage the physiological repair processes described in Section 1.1.4
by removing the irrevocably damaged nerve section and reconnecting the proximal and
distal nerve stumps either directly, or with a bridging element. The simplest of these
procedures is coaptation, also known as neurorrhaphy in which a surgeon uses sutures to
either directly reconnect the separated nerve stumps (end-to-end coaptation) or,
occasionally, the distal nerve stump with the side of a nearby donor nerve (end-to-side
coaptation) [55]. Effectively, the coaptation technique aims to return the injury to a
Sunderland II-like state by bypassing the heavily damaged nerve segment and allowing
the axons to undertake their natural regeneration processes through a nerve section with
intact endoneurial tubes. The simplicity of this procedure and favourable recovery
outcomes have made coaptation the favoured repair technique for short-gap nerve
injuries, with ~78 % of PNIs requiring surgery being treated using a coaptation approach
[32]. In cases where a large section of nerve is damaged, its removal would create a gap
too large for the direct reconnection of the proximal and distal nerve stumps. Under
these circumstances, a bridging element is required to guide nerve regeneration.

The current gold-standard treatment for the repair of long-gap peripheral nerve defects
is autography, a technique applied to ~15% of PNIs [32]. In autography, a bridge
between the proximal and distal nerve stumps is created with the aid of a donor nerve,
harvested from a secondary site elsewhere in the patient’s body. Whilst recovery
outcomes at the primary site following autography are excellent, the procedure creates
secondary damage at the donor site, which is left untreated. Additionally, the
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requirement for a secondary incision and graft harvesting significantly complicates the
surgical procedure, adding additional burden to the health-care system and raising the
risks of complications for patients [56]. Due to these widely recognised issues, there is a
demand for artificial structures that can bridge the proximal and distal stumps of long
gap nerve injuries [41]. In 2009, Scholz et al. surveyed clinicians treating PNIs, finding
that tissue engineering was considered to be the most promising new strategy to
improve patient outcomes following PNI [32]. The authors write, “The importance of
research in the field of tissue engineering should be emphasized as a pathway toward
improving [clinical] outcomes.”

Engineered structures for the bridging of nerve stumps are generally referred to either as
peripheral nerve guides (PNGs) or nerve conduits. Many variations of these guides have
been proposed or are under active development (Figure 1.5), however as of 2014 only 11
had progressed to the point of clinical approval for human use [57]. At this stage
however, the majority of nerve guides in clinical use are simple hollow tube structures
formed from either a single component or material blend [57, 58]. Whilst demonstrably
better than no repair at all [56], these simple designs do not reflect the nuanced internal
structures of the natural nerve, structures that play a critical role in the physiological
repair process. This failure to recapitulate the bioactive role of the distal nerve fiber has
been implicated in the low clinical efficacy of current-generation nerve guides when
compared with autography [59]. In 2009, De Ruiter et al. catalogued nerve guides in use
or under research reporting that ‘no sound scientific proof exits of the superiority of the
empty hollow biodegradable nerve tubes… compared with direct coaptation or autograft’
[58]. This lack of efficacy is also evident in the lack of uptake of guides in clinical
settings, with fewer than 4.5 % of PNI surgeries estimated to use bioengineered guides
[32]. Improving peripheral nerve guides through their design, materials and fabrication
processes is a key goal for the field, and successful applications of the technology will
likely rely on the clinical efficacy of bioengineered nerve guides reaching a level that is
comparable to, or exceeds, the clinical efficacy of autografted tissue [60, 61]. The
following section explores the current state of the art in peripheral nerve guide research
and the likely pathways for the development of next-generation PNGs.
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Figure 1.5: Current Repair Strategies for PNIs: (A) The clinical treatment of PNIs is most often achieved
by coaptation, with autography being the primary choice for the repair of long gap injuries. Other
techniques (including nerve guides) find only limited use. (B1–B3) Three examples of current PNGs, (B1)
NeuraGen – Collagen, (B2) Neuralac – Polylactide/caprolactone and, (B3) Neurotube – polyglycolide,
reproduced from Schlosshauer et al. [56]. (C) A list of all currently approved nerve guides compiled by
Gu et al. [57, 58].

1.1.6 Peripheral Nerve Guide Research
Peripheral nerve guide research is a field that has progressed substantially over the last
decade. In 2006, Chalfroun, Wirth and Evans reviewed the state of engineered nerve
guides, finding that the field was at ‘a stage of infancy, with many barriers remaining to
be overcome’ [62]. Works at the time recognised the importance of enhancing the
biofunctionality of nerve guides, with Bellamkonda reporting ‘Engineered constructs
whose design is inspired by an understanding of the distribution of structural, and
biochemical features of autografts are more likely to succeed’ [63]. Since this time,
numerous research groups have joined in the pursuit to improve PNGs, collectively
developing a wide range of structural and functional design changes with potential to
improve the clinical efficacy of PNGs. Several summaries of this progress have been
published [57, 58, 60, 61, 64, 65], and a visual guide to the current research directions is
presented in Figure 1.6 below.
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Figure 1.6: Emerging Trends in PNG Design: (A1) A PNG connecting the proximal and distal nerve
stumps and, (A2) a cutaway view of the structure revealing the void in which axonal regeneration
proceeds. (B1) Current generation hollow nerve tubes are expected to be superseded by more complex
designs including the use of (B2) Hollow or porous channels within a solid gel, (B3) Microstructure,
particularly using filaments or fibers, (B4) Controlled release of bioactive agents, (B5) Oriented or
encapsulated support cells, particularly Schwann cells, (B6) New materials with enhanced biodegradability
and/or bioactivity, (B7) Active electrical stimulation of regenerating axons and Schwann cells, (B8)
Angiogenesis promotion for greater nutrient availability and (B9) anisotropic distribution of biological
factors to guide growth cones. Figure prepared with reference to Hudson, de Ruiter, and Gu [57, 58, 64,
66].

1.1.6.1 Topographic Cues and Alignment
Successful nerve regeneration relies on the guidance of regenerating axons from the
proximal nerve stump to the distal one. Hollow nerve guides present a void space to
axonal growth cones that does little to inform their steering behaviours, and axons in
hollow guides may therefore wander randomly instead of being directed to the proximal
nerve stump. The provision of alignment and directional cues to regenerating axons has
been suggested to be not just important, but indispensable in nerve repair [67]. One
promising strategy to this end is the fabrication of numerous small guidance channels
within the PNG to constrain regenerating axons along linear paths (Figure 1.6: B2) [64].
In 2007, Schnell demonstrated the in vitro guidance of Schwann cell migration and
axonal growth using an aligned platform of electrospun PCL and PCL/collagen fibers
[68]. In 2010, an electrically conducting PCLF-PPY material was fabricated into multilumenal designs intended for peripheral nerve regeneration, showing compatibility with
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PC12 and DRG cells [69]. Arcaute, Mann and Wicker used stereolithography to form
poly(ethylene glycol) into a multi-channel structure with well-controlled structural and
mechanical properties, however no cell data was presented [70]. Bozkurt et al. have also
demonstrated that micro-channels significantly enhanced regeneration when they were
arranged longitudinally within collagen conduits [71]. In 2010, Yao et al. reported on
another collagen-based conduit with guidance lumens. In this case, collagen was cast in a
cylinder around stainless steel wires, which were removed after freeze-drying to yield
between 1 and 7 guidance channels depending on the number and arrangement of the
wires [72]. Yao further demonstrated that these multi-channel designs induced axonal
directionality, however minimal differences were observed in the functional recovery of
a rodent animal model [73]. A 2011 review by Pabari et al. highlighted the potential to
fill such lumenal channels with bioactive agents, including extracellular matrix proteins,
growth factors and support cells [74]. The research group of Romero-Ortega developed a
technique for filling guidance channels with the ECM protein, collagen. Similar to Yao’s
approach a set of small metal needles were used as a template for the guidance channels,
however in this case agarose was cast as the primary gel with liquid collagen being drawn
into the fiber simultaneously with the removal of wires [75]. The group has also
combined these linear guidance channels with wound fibers able to supply growth factor
gradients, and demonstrated a prototype guide that enhanced linearity in regenerating
axons from a dorsal root ganglion [76].

Another approach for imparting topographic guidance inside PNGs is the bundling of
microstructured fibers within the conduit structure (Figure 1.6: B3). In 2009, RibeiroResende utilised polycaprolactone filaments with longitudinal microgrooves to mould
Schwann cells into aligned structures similar to those found in the band of Büngner. The
researchers reported that this scaffold afforded directional guidance to regenerating DRG
axons [77]. In 2009, Quigley and co-workers formed a 2D platform containing aligned
fibers of polylactic acid (PLA) and poly(lactic-co-glycolic) acid (PLGA) functionalised
with conductive polypyrrole/p-toluenesulfonate (PPy/pTs), showing aligned axonal
outgrowth from DRG explants that was further enhanced with the application of
electrical stimulation [78]. In 2013, Quigley et al. reported another application of
aligned PLA:PLGA fibers, this time embedded within a neurotrophin rich hydrogel
matrix and contained within a PLA nanofiber knitted sheath to form a PNG structure.
The multi-functional scaffold was shown to enhance axonal guidance and Schwann cell
migration in a transacted rat sciatic nerve [79]. Despite this progress, these techniques
have not fully satisfied the demands of next-generation nerve guides, as Quigley reports
‘studies have universally demonstrated issues with their specific configurations that
mitigate their potential for clinical application’. It is worthwhile therefore to continue to
explore these topographic design elements in an effort to improve the efficacy of PNGs.
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1.1.6.2 Trophic and Cellular Support
A major area for research for PNGs (and indeed, tissue engineering in general) is the
incorporation of bioactive agents and cells within fabricated scaffolds. In 2010, Jiang et
al. compiled a list of the biochemical factors that had been incorporated into PNGs
including neurotrophic factors, ECM molecules and living cells [60]. Neurotrophic
factors are the most commonly targeted biochemical agents for the treatment of PNIs
due to their key role in mediating and directing nerve regeneration [44, 49, 50, 80],
however other pharmacological targets have also been identified [81]. Whilst many
neurotrophins exist, NGF, BDNF, GDNF, NT3, NT4 and CNTF have been noted as the
primary candidates for application in PNGs [49, 82]. The impacts of growth factors on
peripheral nerve regeneration depend greatly on the factor selected, the concentration
applied and its distribution within the PNG. For example, Gordon assessed the roles of
BDNF and GDNF in vivo., finding no increase in the number of axons that regenerated,
however both factors contributed to a neuroprotective role that delayed degradation in
the distal nerve tissue [50]. In contrast, Dinis et al. incorporated two growth factors,
NGF and Ciliary Neurotrophic Factor (CNTF), during the electrospinning of silk nerve
guides, reporting the factors to have complementary effects that extended axonal
outgrowth and guided growth cone steering [83]. Recently, Alsmadi et al. delivered NGF
from a coiled polymer structure that was wound in various orientations to yield
anisotropic delivery of NGF throughout the conduit [76]. The authors demonstrated that
increased linear guidance was obtained when NGF release was concentrated at the distal
stump, even when the total NGF load delivered was the same. Due to their size and high
mobility, molecular growth factors are also prone to diffuse away from the site of
delivery. Controlled release structures such as those in Alsmadi’s work [76], or the
immobilisation of growth factors on scaffolding materials [84] represent two strategies
to ensure growth factors remain available within the PNG as regeneration proceeds.

An alternative approach to the delivery of growth factors can be achieved through the
inclusion of lives cells, particularly Schwann cells and stem cells differentiated towards
Schwann cell-like lineages [85]. As previously discussed Schwann cells hold a key role in
the regeneration process that includes the secretion of neurotrophic factors [4]. By
seeding PNGs with Schwann cells, researchers hope to provide not only growth factor
delivery, but also the ECM remodelling and guidance roles performed by Schwann cells.
The approach was attempted with Schwann cells as early as 1995, however the benefits of
the approach were mitigated by the use of an allogeneic cell populations, which trigger
immunological responses to the graft [86]. In 2000, a PNG loaded with Schwann cells
isolated from a Fisher rat was implanted into another individual from the same
population without reports of rejection [87]. Recently Das et al. loaded an electrospun
gold-silk nanocomposite seeded with SCTM41 Schwann cells and implanted the
structure into rat sciatic nerves for up to 18 months, showing functional recovery that
was superior to that induced by simple collagen channels [88]. Finally, recent works have
begun exploring the use of gene-therapy to increase to expression of key neurotrophins
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by cells added at the graft site, however the approach remains niche at this stage [89].
Collectively, these results form a growing body of evidence that preseeded PNGs with
support cells can improve functional recovery [90], however the inclusion of live cells
also adds complexity to processing and surgery requirements, a concept that will be
further explored in Section 1.2. Most notably, applying cells to PNGs in a clinical
setting would rely on the preoperative isolation and culture of glia or stem cell precursors
from the patient, a process that may delay the implantation of the graft itself [91, 92].
Because of these added requirements, artificial PNGs incorporating glia will need to
provide compelling clinical advantages to acellular scaffolds in order to warrant
application, and no cell-laden PNG is currently available for clinical use.

1.1.6.3 Materials
Materials play a key role in the function of any implanted structure. An ideal material
for PNGs has a demanding set of requirements that includes biocompatibility,
supporting axonal growth and vascularisation, limiting the fibrotic response,
biodegradability, processability and mechanical integrity sufficient to withstand suturing
whilst also presenting cells with a soft and elastic environment akin to native neural
tissue [53, 93]. To date, natural ECM components, including collagen, laminin and
fibronectin have been incorporated into PNGs to closely mimic the environment of the
natural nerve fiber [60]. Type-I collagen in particular comprises around 90% of nerve
ECM, and has been the single most utilised natural polymer for peripheral nerve repair
[94]. A group of synthetic polyesters, notably poly(lactic acid) (PLA), polycaprolactone
(PCL), poly(glycolic acid) (PGA) and poly(lactide-co-glycolide) (PLGA) have also found
favour in tissue engineering applications due to their high processability,
biodegradability and biocompatibility [95-97]. Finally, hydrogel forming
polysaccharides, particularly alginate, have also been employed as highly porous cell
scaffolds or filler layers [57, 60, 98]. One of the central challenges in the development of
biomaterials for TE is that highly bioactive materials like collagen are difficult to process,
whilst highly processable polymers like PCL and alginate lack relevant bioactivity [53].
To combat this, many authors have sought to impart synthetic polymers and hydrogelforming polysaccharides with added biofunctionality using a variety of strategies
including the covalent attachment of biomolecules, drug encapsulation and blending
with ECM components [59, 99]. Despite these efforts, no single material meets all the
requirements of an autograft-equivalent PNG and researchers in the field have
increasingly sought to combine several material types together into multi-functionalised
structures. Quigley et al. developed a PNG with numerous aligned fibers formed from
PLA/PLGA blends, set within a neurotrophin-enriched alginate hydrogel and wrapped in
an outer sheath of electrospun PLA [79]. Despite the intricate design of their structure
and a demonstrated enhancement of the regeneration of a transacted rat sciatic nerve in
vivo, the authors conclude that their PNG still fails to match aspects of autografted
tissue, and will be ‘…further improved by materials with better tissue compliance’. These
experiences highlight the material and fabrication challenges that still remain to the
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formation of an artificial PNG that fully replicates the highly complex and multifunctional structures of the nerve. A more detailed review of the materials available for
peripheral nerve repair will be presented in Section 1.3.

1.1.6.4 Electrical Stimulation
Over recent decades, a substantial body of research has emerged that demonstrates the
therapeutic potential of electrical stimulation using conductive electrodes, particularly
with platinum, carbon allotropes [100] and conductive polymers [101-103]. To date, the
majority of this work has been focused on neural recording, deep brain stimulation and
prosthetic interfacing, however the potential to utilise electrical stimulation in
regenerative applications like PNGs is increasingly apparent [104, 105]. One of the
earliest applications of electrical stimulation to PNGs was made in 1987 by Aebischer et
al., who constructed nerve guidance channels from a piezoelectric material
(polyvinylidene fluoride), showing an increase in myelinated axons after 4 and 12 weeks
of implantation across a transected mouse sciatic nerve [106]. Numerous authors have
since sought to elucidate the impacts of stimulation on in vitro cell cultures using both
piezoelectric materials [107] and, more recently, conductive polymers [78, 108, 109],
typically reporting that electrical stimulation enhances axonal growth rates in model cell
populations. More recently, electrical stimulation has been shown to also impact the
non-neuronal cells in the peripheral nervous system with Koppes et al. stimulating
Schwann cell cultures with an applied electric field of 50 mV/mm, resulting in an 11fold increase in the production of nerve growth factor and a 30 % increase in the neurite
outgrowth from dissociated DRGs [110]. Collectively, these studies suggest that the
application of electrical stimulation is likely to yield positive improvements to axonal
growth rates and regeneration in vivo, however the mechanisms by which electrical
stimulation impacts on the physiology of neurons and glia cells remain unclear.
Nevertheless, these works have helped to foster interest in the development of suitable
conductive platforms for peripheral nerve repair, and numerous reports exist within the
literature of PNGs containing conductive elements [69, 78, 88]. As with support
materials, there is a trend towards enhancing conductive elements with biofunctional
behaviours that supplement their ability to deliver electrical stimulation. For example,
conductive polymers have been doped with biomolecules to encourage cell interactions
[111-114], or loaded with drugs and growth factors for release in vivo [115-117]. Based
on this evidence, it seems likely that the inclusion of conductive elements within a
multifaceted guidance structure will enable the improved regeneration and guidance of
axons.

1.1.6.5 Vasculature and Blood Extracts
The long-term survival of any engineered tissue in vivo is critically dependant on the
inflow of nutrients and removal of wastes from regenerating cells. Whilst the need for
angiogenesis is widely recognised in tissue engineering literature [118-121], less focus
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has been directed to the issue in PNG research. In 2000, Hobson, Green and Terenghi
reported that supplementing acellular nerve guides with vascular endothelial growth
factor (VEGF) increased axonal regeneration, Schwann cell proliferation and target
organ re-innervation [122]. At the time this benefit was attributed to an increase in
blood vessel growth, with VEGF being known as a key mediator of angiogenesis,
however reports have since emerged that demonstrate that VEGF holds a neuroprotective role that is distinct from and additional to its promotion of angiogenesis
[123]. Another related approach to the augmentation of PNGs is the inclusion of blood
extracts, particularly platelet-rich plasma (PRP). A recent clinical study treated human
peripheral nerve defects with collagen guidance channels that were filled with autologous
PRP. The resulting channels were observed to mediate partial functional recovery in
defects as long as 12 cm [124], however the mechanisms by which PRP aids nerve
regeneration remain unclear [125]. Overall, it can be said that research is increasingly
demonstrating the presence of numerous cross-talk mechanisms between the nervous
system, circulatory system and immune system that highlight their interdependence [13,
19, 123, 126]. Whether or not blood holds a role in peripheral nerve regeneration that is
more nuanced than nutrient delivery and waste removal, it is clear that the promotion
of vascularisation within PNGs presents an important avenue for improved functional
outcomes for the engineered tissue.

1.1.7 Nerves – Section Summary
In this section, we have described the peripheral nerve system as well as current
treatment strategies available following serious PNI. Despite the known disadvantages of
grafting, nerve autografts remain the preferred treatment option for long gap PNIs.
Research literature suggests that peripheral nerve guides are a compelling alternative to
autography, however improvement is needed in the design and construction of PNGs
before they can compete with autografts in terms of clinical efficacy. A number of areas
of PNG design with the potential to improve performance have been identified,
including topographic guidance, electrical stimulation and the delivery of growth factors
and support cells. Many of these research targets have already been studied in isolation
and shown to positively benefit axonal regeneration; and researchers are increasingly
seeking to combine several of the approaches together in multi-functionalised guidance
structures. This trend towards increasingly complex and multi-scaled design is likely to
continue and next generation PNGs may need to contain many, if not all, of these
elements before they are able to match the clinical efficacy of autografts. Constructing
such a multi-faceted PNG presents a significant fabrication challenge, one that relies on
the development of new processing techniques in the emerging field of biofabrication.
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1.2 Biofabrication

Tissue engineering (TE) is a field of research that blurs the boundaries between science,
engineering and medicine, promising to yield new treatments not only for peripheral
nerve defects, but for a wide spectrum of conditions that impact human health. Over the
last decade, the initially lofty ambitions of TE research have begun to translate into
tangible and clinically applicable therapies. A major factor in this shift from idea to
reality has been the emergence of a suite of technologies capable of processing the cells
and biomaterials that form the core of human tissues [127-129]. The following section
explores the development and application of these technologies, collectively termed
biofabrication.

1.2.1 The Emergence of Biofabrication
The term ‘biofabrication’ refers most commonly to the use of mechanical devices to
pattern biomaterials and cells for TE applications, or more specifically, ‘the automated
generation of biologically functional products with structural organization from living
cells, bioactive molecules, biomaterials, cell aggregates such as micro-tissues, or hybrid cellmaterial constructs, through bioprinting or bioassembly and subsequent tissue maturation
processes.’, as recently defined by leaders in the field [130]. The materials employed in
biofabrication are typically soft, hydrated, sterile and highly sensitive to their
environment, traits that precluded them from many traditional manufacturing
approaches, and required the development of a new suite of technologies specific to their
requirements. Many of these emerging technologies have their genesis in a closely
related area of engineering called ‘additive manufacturing’ [129, 131]. Additive
manufacturing (AM) refers to the creation of complex 3-dimensional structures from
the sequential deposition of materials and components (Figure 1.7: A). This ‘layer-bylayer’ approach affords an extraordinary level of flexibility to designers, and has been
employed for a wide range of applications including art, construction, medicine,
modelling and engineering, using an equally wide spectrum of materials including
plastics, metals and ceramics [132]. AM research has been gaining pace over the last 20
years, especially in its sub-disciplines of 3D printing and biofabrication (Figure 1.7: B1),
and the potential of these technologies is increasingly in the public focus as well (Figure
1.7: B2). A typical application of AM to biofabrication is the bioprinter, a device that
combines a 3-axis (X, Y, Z) stage, sterile processing environment and cartridges preloaded with cells or biomaterials [129]. Computer aided design (CAD) models uploaded
to the bioprinter are sectioned into slices, which are sequentially fabricated by delivering
the cells and biomaterials simultaneously with the computer guided motion of the 3-axis
stage. Using this approach, many scaffolds, cell patterns and proto-tissues have been
fabricated (Figure 1.7: C1–C5) [133].
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Figure 1.7: Biofabrication’s Place in Manufacturing: (A) A generalised biofabrication process, where
biomaterials are layered to form 3D structures. (B1, B2) The growing interest in additive manufacturing,
3D printing and biofabrication across scientific literature (B1), represented by search term results in the
Web of Science database and popular interest (B2), represented by Google search frequency. (C1–C5)
Examples of medical and non-medical applications of AM, SM and biofabrication include (C1) chocolate
sculptures, (C2) titanium orthopaedic implants, (C3) printed bladder scaffolds, (C4) decellularised
kidneys and (C5) silicon nanopillar arrays. Search data sourced from Web of Science and Google
Analytics, example fabrication images collated from Horn, Murphy, Crapo and Wu [120, 132, 134, 135].

Whilst it would be convenient to consider biofabrication as a subset of AM, this is not
strictly accurate. For example, a number of authors have reported on the creation of
ECM scaffolds by the decellularisation of explanted tissue [134, 136]. In this case, the
ECM scaffolds are created by selective dissolution, a technique that is akin to etching, a
subtractive manufacturing approach applied most notably in the semiconductor
industry. Equally, some medical applications of AM do not fall within the realms of
biofabrication, such as the fabrication of medical implants by the selective laser sintering
of metal powders [127, 131, 132]. True clinical applications of biofabrication are rare,
with only a handful of thin layer, avascular or acellular systems having progressed to
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clinical application [120, 128, 137]. This lack of clinical translation is primarily
attributable to the relative youth of the field, and leading researchers continue to
highlight the significant potential of biofabrication in the engineering of complex
tissues and organs [120, 138, 139]. The following section documents some of the many
biofabrication technologies under active development, and assesses their relevance to the
creation of next generation PNGs.

1.2.2 Casting
Perhaps the simplest method for forming biomaterials into 3D structures is casting, an
approach that has long been utilised in the field of biology, most notably in the
preparation of agar culture plates. When supplemented with nutrients, these gels become
a suitable culture environment for an extraordinarily wide range of cells and have
become ubiquitous in microbiology, as well as finding use in gel-electrophoresis and
Western blotting. The key to casting agar is the phase change that allows an initially hot
and pourable solution of liquid agar to transition into a pseudo-solid gel within the
confines of its Petri dish mould. This transition is the result of intermolecular binding
between agarose polymer chains in the solution that form and stabilise a cross-linked
network as the solution cools (Figure 1.8: A1, A2) [140]. Whilst specific gelation
mechanisms vary from material to material, similar phase changes or cross-linking
processes are central to most polymer fabrication approaches used in TE. A more
thorough exploration of the properties and gelation mechanisms of biomaterials will be
presented in Section 1.3.

Because casting solutions fill the available moulding space prior to setting, traditional
moulds define the external shape of the cast structure but afford little control of internal
structures. Imparting the detailed internal structures required for next generation PNGs
using a casting approach is challenging, however some recent examples of biomaterial
casting for TE demonstrate the use of complex moulds or multi-stage processes that
functionally pattern, internally structure, or otherwise alter the cast structure [141, 142].
In one example of casting applied to PNG fabrication Tansey et al. formed a mould
from a cylindrical polyurethane sheath and a set of metal needles affixed to a base plate
that also served to seal one end of the polyurethane tube [143] (Figure 1.8: B1). An
agarose filler was cast between these structures and allowed to set (Figure 1.8: B2). When
the needles and base plate were removed under a pool of collagen, the collagen backfilled
the guidance channel (Figure 1.8: B3) to form a highly favourable environment for
axonal regeneration that supported functional recovery when implanted in vivo across a
rat sciatic nerve defect. This example demonstrates that marrying the simplicity of
casting with complex moulds or multi-stage processing affords some level of control
over internal PNG structures, however techniques that enable improved spatial
resolution may be more suitable for next-generation PNG fabrication.
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Figure 1.8: Casting: (A1) The casting process for agar involves simply pouring a hot solution into a
mould and allowing to cool. (A2) The setting of agar is mediated by the formation of helixes from
adjacent agarose chains followed by the complexation of helices into an entangled and cross-linked
network known as a hydrogel [140]. (B1–B4) An application of casting to PNG fabrication demonstrated
by Tansey et al. [143]. (B1) An internally structured mould was formed from a polyurethane sheath and
metal wires, (B2) the mould was filled with agarose and allowed to set, (B3) the metal wires are withdrawn
whilst the free end was submerged in a collagen pool, drawing in liquid collagen that was also allowed to
set, (B4) Cross sectional photograph of the formed PNG.

1.2.3 Extrusion and Microvalve Printing
One of the common approaches to the spatially controlled delivery of cells and
biomaterials is extrusion printing. Extrusion printers apply pressure or mechanical load
to a reservoir of a flowing precursor, such as a liquid, gel or paste, to deliver the material
to a receiving stage where it solidifies. Generally, stepper motors control the motion of
the stage or print head, and material is selectively delivered from the reservoir to form a
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pre-defined pattern on the print stage. This pre-defined pattern is typically one 2D slice
from a larger 3D structure, developed using computer aided design (CAD) or obtained
from medical scanning technologies like magnetic resonance imaging or computerised
axial tomography [127, 133]. By iteratively lowering the stage or raising the print head
and stacking multiple 2D layers together, bioprinters create 3D structures. Unlike
casting, extrusion printing is conducted without the aid of a mould and the material’s
transition from processable fluid to solid must occur rapidly in order for the printed
structure to retain its intended shape. For biomaterials printing, a number of strategies
have been developed to ensure this transition occurs, including ionic cross-linking,
thermo-setting, ultra-violet (UV) irradiation and non-Newtonian flow. Some systems
combine multiple transition strategies, such as Lutrol-F127, a thermosetting, nonNewtonian and UV cross-linkable polymer shown to deliver osteogenic progenitor cells
for bone TE [144] or Kesti et al.’s two polymer blend that combined thermal and photoinitiated gelation to increase print resolution in cell laden structures intended for
cartilage repair [145]. Alternatively, authors have reported the use of coaxial print heads
to simultaneously extrude an outer sheath of a polymer with favourable processing
behaviour and an inner core that is tailored for biological functions including cell
delivery [146] or nutrient transport [147].

The resolution of extrusion bioprinting is generally lower than comparable
biofabrication techniques, with minimum obtainable feature sizes estimated to be ~150300 µm [127]. This resolution can be somewhat improved by the addition of a
mechanical or electromagnetic valve at the print tip to gate fluid flow from the reservoir,
which is then maintained under constant pressure. This ‘micro-valve’ approach can
pattern cells and biomaterials down to around 100 µm [127, 148] and has been applied
to neural tissue engineering, with Lee et al. employing a micro-valve printing system to
deliver collagen, neural stem cells and a VEGF-releasing fibrin structure to control
growth and migration in neural cells [149]. Whilst this level of resolution does not allow
for individual cell placement, bioprinting and micro-valve printing are both suitable to
generate the larger structures of PNGs. For example, a 3-channel nerve guide prototype
formed using cell spheroids was reported in both Marga et al. [139] and Owens et al.
[150], and observed to support axonal regeneration after a 3-week implantation in a rat
model. The cell spheroid approach used by the authors is one of the foremost bioprinting
approaches, one that is under investigation by a number of research groups [139, 151,
152], and has been used to develop a variety of tissues including nerves and vasculature
[139, 153]. For the 3-channel PNG, cultures of bone marrow stem cells (BMSC) and
Schwann cells were combined in a 90:10 ratio, extruded through a micropipette, and
rounded into spheroids in a gyratory shaker [139, 150]. These spheroids were then
extruded by a bioprinter into linear fibers that were layered to form patterned prototissues. Under continued culture in a bioreactor, these cell spheroids produced collagen,
laminin and other ECM proteins that bound adjacent spheroids together to form selfsupporting tissues. In order to retain the structure of the cell spheroid layers as they
23

fused, the group co-printed acellular agarose in sacrificial layers that surround and
contained the cell layers. This combination of bioprinting, moulding and ECM
remodelling demonstrates the trend towards multi-phase processing in TE, and hybrid
approaches have been highlighted as an important path forwards for the bioprinting of
complex tissues [142, 154, 155].

1.2.4 Inkjet Printing
Ink jetting is an alternative printing process that delivers a stream of discrete drops to
the printing surface, rather than a continuous flow. Compared with extrusion printing,
inkjet printing provides very high resolution, and drop volumes on the scale of single
cells are trivial by the standards of modern commercial inkjet printers. Several
mechanisms exist for producing and controlling these droplets, however the ‘drop-ondemand’ technique of thermal ink jetting is most frequently applied in bioprinting [156,
157]. The technique centres on the rapid heating of a thin resistive film on the inner
wall of a small ink reservoir located inside the print tip. The resulting heat shock
vaporises and expands a portion of the ink’s solvent, creating a drastic yet highly
localised increase in pressure that drives the delivery of a single droplet of ink, typically
in the order of picoliters. Early works in the field of inkjet bioprinting demonstrated the
excellent control and reproducibility of thermal inkjet for the printing of both cells and
biomaterials [158]. Initial concerns of the impact of thermal shock on living cells were
addressed by modelling that showed bulk ink temperature is raised by only 4-10 ˚C
[158], and live cell printing with high viability has been achieved by thermal inkjet
printing [159, 160]. More recent studies, however, demonstrated that the heat shock
induced by thermal inkjet printing does temporarily disrupt the cell wall of printed cells,
enabling the delivery of large vectors that would otherwise be excluded by the cell
membrane [157, 161]. Reservoirs of cell laden bioinks are also prone to cell settling, a
factor that impacts the reproducibility of live cell printing across all areas of
biofabrication [162] but is particularly prominent in inkjet printing as variations in cell
number can also alter the apparent viscosity and surface tension of the ink, factors to
which ink-jet is sensitively dependant. Recently Ferris et al. reported on the
development of a bioink that suspended cells in a polysaccharide microgel suspension
that resists cell settling. When supplemented with nutrients, surfactants and cell
protectants, this ink enabled the printing of highly viable cells with a reproducible cell
per drop ratio [163]. In an alternate approach, Yusof et al. augmented an inkjet system
with in-line cameras to visualise bioinks inside the print head. By selectively releasing
only droplets in which exactly one cell was detected, Yusof demonstrated highly
controlled and reproducible single cell deposition of a cervical cancer cell line [164].
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There are relatively few examples of the inkjet printing of PNGs [165]. In a 2007
conference proceedings, Silva et al. reported on the inkjet printing of structurally
reinforced nerve guidance tubes using a variety of artificial polymers including PLA,
PEG and PCL [166]. The authors highlighted the potential of the technique for
constructing PNGs with flexibility and porosity, as well as including proteins and
neurotrophins, but did not demonstrate such functional designs. One of the factors that
may be limiting inkjet’s application to the field is its low volume throughput and
difficulty retaining viability and homogeneity in printed cell dispersions [167].
Applying inkjet to PNG fabrication will rely on the ongoing development of new inkjet
printing platforms and bioink technologies that enable the rapid and reproducible
formation of large and multifunctional 3D structures. If such developments are realised,
inkjet printing will provide a method of high-accuracy patterning that is capable of
recapitulating many fine elements absent from current PNGs.

1.2.5 Wet-Spinning
Wet-spinning is a technique of polymer processing that has been traditionally used to
produce textiles from artificial polymers such as acrylic and spandex. During wetspinning, the dispersed polymer solution is extruded from a needle, or ‘spinneret’, into a
coagulation bath that induces the precipitation and solidification of the polymer (Figure
1.9: A). In the context of biofabrication, wet-spinning is most often applied to the
formation of hydrogel fibers by the ion-mediated gelation of polysaccharides [168-170].
Multi-layered fibers have also been developed using coaxial or multi-axial spinnerets,
with particular application in the controlled release of bioactive molecules and drugs
[117]. The structure of such multi-layered fibers is dependent on a number of factors
including material selection, spinneret geometry, bath chemistry, temperature, flow rate
and draw rate. When these factors are finely controlled, exquisite structuring is possible,
such as the longitudinal microgrooves Long et al. induced within hollow polyurethane
conduits (Figure 1.9: B1), which were shown to direct axonal outgrowth (Figure 1.9: B2)
[171]. In 2014, Siriwardane et al. reported the wet spinning of collagen fibers using an
automated belt to minimise mechanical disturbance to the collagen during its slow crosslinking in a pH 9 bath [172]. The resulting collagen fibers were shown to be suitable for
neural tissue engineering by the in vitro culture of Schwann cells and explanted DRGs.

The proven ability of wet-spinning to process conductors, polysaccharides, controlled
release structures and ECM components into fibers with controlled cross-sectional
structures highlights the significant potential of the technique in PNG research.
Developing wet spinning towards the specific goal of fabricating a multi-functional
PNG provides a promising yet underexplored avenue for the field.
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Figure 1.9: Wet-Spinning: (A) Schematic diagram of the wet-spinning apparatus. Dispersed polymer
solutions are delivered to a coagulation bath via a spinneret. (Insert) Upon contact, the supporting solvent
diffuses into the bath and the polymer coagulates into a fiber that is eventually collected by a spindle. (B1,
B2) The coaxial and micro-grooved polyurethane PNG reported by Long et al. (B1) Detail of the guide
geometry including grooves. (B2) The impact of the grooved topography on the regeneration of axons,
which induced highly aligned outgrowth along the axis of the microgrooves [171].

1.2.6 Electrospinning
Electrospinning is another polymer spinning technique that has been employed as a tool
for biofabrication. Like wet spinning, electrospinning begins with a dispersed polymer
solution that is passed through a spinneret. Electrospinning does not require a bath
however, and instead utilises an electric field to first ionise the polymer solution and
then drive it away from the spinneret and towards a target plate (Figure 1.10: A). The
rapid acceleration of the polymer solution away from the spinneret causes the polymer
to be drawn into exceptionally fine filaments, down to nanometer dimensions [173],
with the solvent evaporating soon after leaving the spinneret in a structure known as the
‘Taylor cone’. Electrospinning is most commonly conducted with synthetic polymers
26

like PCL, PLA, and PGA, however biopolymers including chitosan, collagen, gelatin and
silk have all been successfully electrospun [173, 174]. Because of the harsh processing
conditions, electrospinning is generally unsuitable for live cell processing, however some
reports do exist of the electrospinning of resilient microorganisms [175]. Under typical
conditions, electrospun polymer filaments undergo a chaotic whipping during flight,
creating a randomly aligned mesh of polymer fibers with exceptionally high surface area
and porosity, but without accurate deposition control. Many subsidiary processes have
emerged to orient, pattern or post-process electrospun materials into spatially controlled
structures, a review of which can be found in Sun et al. [176]. Direct writing using
electrospinning has been demonstrated by Dietmar Hutmacher and co-workers using a
melt-electrospinning approach in which the polymer feedstock is melt-extruded through
the spinneret, rather than dispersed in solution [177]. This melt-electrospinning process
can be used to pattern PCL fibers with micron-scale resolution (Figure 1.10: B1, B2).
Patterning of electrospun mats can also be achieved through templating. For example
Jenkins et al. recently reported the electrospinning of a peptide-modified polyurea onto
a surface with templating sucrose fibers (Figure 1.10: C1, C2). Once dried, the polymer
mesh was rolled into a cylinder and the sucrose fibers were dissolved away to yield an
internally-structured PNG [178]. Human neural stem cells seeded into the conduit
showed excellent migration and differentiation as well as modest axonal alignment
along the conduit’s longitudinal axis.
Overall, electrospinning is an effective method for fabricating polymers into fibers with
diameters smaller than individual cells. Recent developments in electrospinning
technology are continually improving the controlled placement of these polymer fibers,
and well-aligned structures show promise for the provision of topographic guidance to
regenerating neural tissue.
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Figure 1.10: Electrospinning: (A) Schematic diagram of a typical electrospinning system. A high voltage
between the spinneret and collector drives the release of polymer feedstock, drawing exceptionally fine
fibers from the end of the Taylor cone. Typical electrospun mats are randomly aligned, however (B1, B2)
Near field and melt electrospinning can be used to create well controlled deposition [177], whilst (C1, C2)
templating and post-processing can convert electrospun mats into larger structures [178].

1.2.7 Other Techniques
1.2.7.1 Laser-Assisted Bioprinting
Lasers were employed as one of the earliest cell patterning technologies, initially by laser
guidance direct writing (LGDW) [179, 180] and subsequently by laser induced forward
transfer (LIFT) [181]. Both laser-assisted bioprinting and LIFT have been utilised to
pattern arrays of cells and biomaterials [129], however processing volumes are extremely
small and 3D biofabrication using laser based processing is uncommon. No examples of
laser-based patterning of PNGs have been reported.
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1.2.7.2 Thermo-Melt printing
Thermo-melt printing has been used to process biocompatible polymers like PLA and
PCL. The high temperatures involved in the thermo-melt printing process (upwards of
100 ˚C) are not amenable to cell processing, however acellular scaffolds fabricated in this
manner are routinely seeded with cells at a later stage [129]. For example, Derlercq et al.
employed thermo-melt processing to form log-pile structures from PCL, which were
subsequently functionalised by gelatin and fibronectin. These structures were shown to
support the growth and differentiation of osteoblast cells, and were recommended by the
authors as a scaffold for bone TE [182]. For PNG fabrication, thermo-melt printing
could conceivably be employed to fabricate biodegradable sheaths, which could be
subsequently loaded with biological components.

1.2.7.3 Selective Laser Melting and Electron Beam Machining
SLM and EBM are two techniques in which a beam is targeted towards a bed of powder,
melding adjacent particles together to form a solid structure. In SLM, a beam of photons
is generated from a laser source, whilst EBM utilises a cathode ray and focusing
electrodes. Most commonly, SLM and EBM are used to process metal powders into solid
constructs by rastering the beam across the surface and welding together predetermined
points to form a 2D layer of metal. Like other AM processes, the construction of 3D
structures is then achieved by iteratively lowering the stage and welding additional
powder layers to the proceeding layers. Whilst SLM and EBM are not suitable for
biomaterial fabrication, metal structures processed in this way have been employed as
bone and dental implants [127, 132].

1.2.7.4 Stereolithography
Stereolithography is one of the earliest AM techniques, and is used to form 3D structures
from photo-curable resins and polymers. Stereolithography employs laser to initiate
photocuring or cross-linking, fusing adjacent polymer beads together in a similar fashion
by which SLM welds metal powders. In 2011, Arcaute, Mann and Wicker reported the
use of stereolithography to create PEG nerve guides containing discrete internal lumens
[70]. More recently Paterman et al. reported the creation of a PEG nerve guide with
internal grooves of ~10 µm, demonstrating the high-resolution of stereolithography
[183]. Implantation of Paterman’s guides was shown to support axonal regeneration
despite the limited cell attachment properties of PEG. Despite its high resolution [127],
stereolithography is typically a single material process and the limited range of
photocurable biomaterials makes the production of multi-functionalised PNGs difficult
using a stereolithographic approach alone. However stereolithography may have a place
as part of a multi-phase production process.
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1.2.8 Multi-Modal Fabrication
It is increasingly reported in biofabrication literature that the fabrication of complex
tissues and organs will require the combination of many materials and multiple
fabrication techniques [79, 99, 154, 184, 185]. Notably, mechanically robust materials
do not necessarily provide an optimal environment for cells. In 2011, Schuurman et al.
demonstrated the sequential patterning of mechanically robust thermoplastic, alongside
cell-laden hydrogels, creating hybrid structures possessing both mechanical integrity and
cell support [155]. Similarly, natural ECM components are favourable as cell-support
environments, but their cross-linking behaviours and mechanical strength are not
always well suited to biofabrication. Drugs and growth factors may also require multistep fabrication to immobilise or encapsulate the bioactive species in controlled release
structures before they are included within the final construct [76, 186]. Moulding
elements [154], and multi-stage processing [187] may provide an avenue for the
successful patterning of ECM, and hybrid strategies that combine mechanical support
layers with milder wet-state cell processing technologies have been highlighted as a
promising route forward [177, 188]. Kang et al. recently developed a system that
simultaneously delivers structural PCL filaments, sacrificial support layers and cell-laden
bioinks that could be tailored for bone, muscle and cartilage regeneration [189].
Collectively, these reports highlight the benefits of a multi-material design ethos, one
that should also be applied in the pursuit of next-generation PNGs.

1.2.9 Biofabrication – Section Summary
Biofabrication is a rapidly evolving field, and significant scientific endeavour has seen
the emergence of many new technologies for the pattering of cells and biomaterials.
Depending on the techniques employed, biofabrication may be performed across
multiple size scales, resolutions, geometries, time frames and materials. It is clear that no
single technique is superior in all of these aspects, however the combination of multiple
processing techniques appears to present the best chance of creating a multifunctionalised PNG. Naturally, the quality and functionality of such PNGs will be
dependant not only on the fabrication process, but also the materials employed. The
following section provides a more thorough review of the biomaterials relevant to tissue
engineering.

1.3 Biomaterials: The Building Blocks

All biofabrication processes are reliant on a suite of materials that are not only
processable, but meet the functional demands of the engineered tissue. As described
previously, PNGs formed from currently available materials and fabrication processes
have not replicated the nuanced physiological behaviours of autologous tissue. The
following section explores the materials currently used in biofabrication, and considers
the design of new, processable materials that have the potential to elevate the level of
biofunctionality of next-generation PNGs.
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1.3.1 The Extracellular Matrix
Many of the materials utilised in biofabrication are either sourced from, or aim to
functionally replicate, the natural extracellular matrix (ECM). The ECM is a complex
network of polymers, including proteins, which provide the structural integrity of tissues
(Figure 1.11). The largest single component of the ECM is collagen. Whilst there are
many distinct forms of collagen, all are formed as a triple helix of amino-acid chains.
Type-I collagen is the most prevalent in nerve tissue and is a fibril-forming collagen,
meaning many individual collagen proteins aggregate into long and rigid fibers that
form the backbone of the ECM [190]. These collagen fibrils are interconnected by a
highly wound protein called elastin. When tissue is placed under mechanical load, the
elastin unwinds, allowing collagen fibrils to reversibly separate and return. If the strain
applied to tissue exceeds the reversible stretching of the elastin protein, collagen begins
to bear the applied load, greatly increasing the apparent stiffness of the material. This
‘strain-hardening’ process renders tissues soft under small deformation, but resistant to
large deformation [191].

The mechanical scaffold provided by elastin and collagen is functionalised by a wide
range of bioactive ECM components. Many of these molecules actively bind with cells
through integrins, a family of transmembrane proteins that form vital links between the
ECM and cellular cytoskeleton, mediating many cell sensing and signalling processes.
Integrins are complex, multi-domain proteins that are internally regulated by the cell
and are capable of binding to a wide variety of ECM components [192, 193].
Depending on the cues integrins receive, they may bind directly to collagen, or through
other ECM components. Fibronectins, for example, provide a structural link between
cell integrins and the ECM. Integrins that detect the recognition sequence on the
fibronectin protein will actively bind to the site, and feedback mechanisms inform the
cell that binding has occurred, influencing cell survival and differentiation [193, 194].
Because of the important role such adhesion sites play in directing cell fate, the
fibronectin recognition sequence, arginyl-glycyl-aspartic acid (RGD) [195], has been
isolated and employed in the biofunctionalisation of other biopolymers to improve cell
binding [196-200]. Another ECM component, laminin, is a major constituent of the
basal lamina, a foundation layer of many tissues that informs cell migration and
differentiation behaviours including those of the axonal growth cone [201-204].

Finally, the ECM is complimented by proteoglycans, a family of complex branched
polymers that contain both sugar and protein elements. Fully formed proteoglycans are
typically centred on a backbone of hyaluron, a long and linear glycosaminoglycan. A
variety of proteins may branch from this backbone, and the form and size of these
proteins varies greatly across the different tissues of the body. Neurocan and phosphacan
are two proteoglycan proteins common in nervous system, but are notably repulsive to
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axonal outgrowth [205] and may not be well suited for incorporation into an artificial
PNG. Finally, these core proteins are decorated by an array of sulphated
glycosaminoglycans including chondroitin sulphate, heparan suphate, dermatan sulphate
and keratan sulphate, which are known to be involved in cell binding and signalling
processes [206].

Figure 1.11: The Extracellular Matrix: The natural ECM is a complex and multi-component system.
Collagen fibrils provide a rigid backbone that is interconnected by highly stretchable elastin proteins.
Proteoglycans and polysaccharides also contribute to the bulk ECM, with some key proteins and
glycoproteins holding active roles in cell binding and signalling through transmembrane proteins known
as integrins. These integrins may bind directly to collagen, or through the other ECM components,
notably fibronectin and laminin. Finally, the cell body is internally supported by a cytoskeleton that
includes actin filaments.

1.3.2 Considerations for the Selection of Biomaterials
Whilst the primary function of the ECM is to provide mechanical support, many ECM
components are involved in signalling and cell binding processes that are required for
natural cell behaviour. If artificial scaffolds are to provide an effective platform for TE, it
is critical that they replicate both the structural and functional roles exhibited by the
natural ECM [93]. The specific requirements of a next-generation PNG have been well
summarised by Nectow et al.
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“A useful nerve guide or conduit should contain some key design parameters:
anisotropy to allow for directional outgrowth of the axons, controlled release / delivery of
growth factors … adhesive molecules such as laminin and fibronectin, biocompatibility,
biodegradability to complement the nerve regeneration rate, and conduit porosity to allow
sufficient nutrient infusion while limiting fibrous tissue infiltration.” – Nectow et al. [53]

In addition to these in situ behaviours, biomaterials for TE must also be amenable to at
least one of the biofabrication processes described in Section 1.2 in order to be reliably
formed into functional scaffolds. Such ‘processability’ includes factors such as
controllable cross-linking behaviours and suitable fluid rheology, particularly viscosity,
surface tension and transition temperatures. As described previously, it is unlikely that a
single material will meet all of the requirements of an engineered PNG. Nevertheless,
materials under consideration for next-generation PNGs should be assessed on the basis
of these factors, such that the final engineered guide meets as many of the design
requirements as possible.

1.3.3 Biomaterials for Peripheral Nerve Repair
1.3.3.1 Polysaccharides
Polysaccharides are polymers formed from repeating units of glucose and a wide variety
of glucose derivatives that are synthesised and utilised by almost all organisms on Earth.
The ubiquity of polysaccharides across biology is a sign of their indispensible importance
in biological processes, and has also resulted in the evolution of an enormous array of
natural variations and derivatives (Figure 1.12). Humans naturally form and utilise
polysaccharides in many biological functions including energy storage, structural
support and cell signalling. Heparin sulfate, for instance, is a key factor in the peripheral
nervous system, influencing neurogenesis, axon guidance and synapse formation [207].
Even polysaccharides from non-human sources have been variously found to be
processable, biodegradable, biocompatible and bioactive [98, 208-210], however inert,
toxic, immunogenic or unstable polysaccharides are also known. Importantly, many
polysaccharides are naturally decorated with carboxylate, sulfate and amine functional
groups, which enable ready chemical modification as well as the cross-linking of
polysaccharides to form hydrogels [210, 211]. Taken together, these factors have driven
significant research interest into the use of polysaccharides as cell scaffolding materials
for TE [211, 212]. Many disparate polysaccharides have since been considered or applied,
and thorough reviews on the polysaccharides used in TE can be found in Khan and
Ahmad [213], as well as Bacáková et al. [208]. This section will now highlight a few
select polysaccharides relevant to this thesis, however it is noted that these examples
represent a small portion of the totality of polysaccharides applied in TE research.
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Algae, particularly kelps, have become a major source of polysaccharides for TE, with
agarose, alginate and carrageenan being notable examples of algal polymers. As noted
previously, agarose and agar have long been employed in microbiology, most notably as
culture plates. Researchers have also employed agarose as an acellular and fibrosisresistant filler layer in cast multi-lumenal PNGs [143], however agarose is not an
informative matrix for nerve cells. Another seaweed derived polysaccharide, alginate, is
perhaps the most heavily used polysaccharide in tissue engineering. Alginate (ALG)
possesses many favourable traits including rapid ionic cross-linking, high solubility,
biocompatibility and ready, large-scale extraction from brown algae [214]. The polymer
is also amenable to a wide variety of processing methods including casting, wet spinning
[169], bioprinting [215], electrospinning [216] and injection [217]. Taken together,
these factors have driven the significant popularity of alginate in TE research, and
numerous examples exist of its use in the fabrication of engineered tissues, cell-laden
structures [214]. ALG was employed in a number of early PNG designs [218, 219],
however its lack of cell adhesion sites is a drawback for the material. Modifying ALG
with specific functional groups to combine its inherently favourable processing
behaviours with a new biofunctional role presents a promising way forward that is
currently under investigation by numerous authors [59, 216, 217, 220, 221]. As noted,
carrageenans are another significant group of seaweed-derived polysaccharides. The
kappa and iota forms can form self-supporting gels through ionic cross-linking, and
some in vitro demonstrations of carrageenan TE have been presented [222].
Carrageenan’s favourable processing behaviour, however, is counterbalanced by a known
inflammatory response in vivo [210], and their applications in TE are therefore limited.

Another potential source of polysaccharides for tissue engineering is bacteria. Gellan
gum is one such bacteria-derived polysaccharide that has been of interest in TE research,
in part due to its structural and functional similarities to the widely employed alginate
[223]. Even prior to its TE application, GG was already in commercial use as a
thickening agent in food and cosmetic products, and the material has been the subject of
rigorous structural and physical studies [224]. Gellan gum is formed as a polymer of
repeating tetra-saccharide units that are naturally acylated, however TE research is most
often conducted with low-acyl gellan gum (GG) in which the acyl units have been
converted to hydroxyl residues. In solution, GG is known to undergo a reproducible
conformation change at temperatures around 30 ˚C [225, 226], with the helix state
being stabilised and cross-linked by divalent cations to form thermostable hydrogel
structures. Purification of GG to its sodium salt (NaGG) improves both the ease of
handling and quality of resultant gels [227]. Like alginate, gellan gum may be processed
by a wide array of techniques, including casting, bioprinting and wet-spinning [228,
229] and GG has been employed as an injectable cell carrier in cartilage repair [230,
231], non-settling bio-ink for bioprinting applications [163] and neural tissue
engineering scaffold [232]. Alongside its biocompatibility and processability, one of the
most favourable aspects of GG for TE research is its capacity for chemical and physical
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modification to tailor the material for specific applications [229]. The relatively niche
scientific interest in GG compared with ALG, despite their functional similarity, may
indicate that there remains significant potential for further GG research. A more detailed
assessment of the state and perspectives of gellan gum tissue engineering research can be
found in our review [229]. Dextran is another bacteria-derived polysaccharide with
present clinical use, particularly as an anti-thrombotic (blood-clotting) medication for
microsurgery [233]. Dextran is a glucan, meaning the polymer is constructed from only
glucose subunits, and native dextran lacks cross-linking functionalities like those present
in alginate and gellan. Functionalised derivatives of dextran, including dextran
methacrylates [234], dextran carboxylate [235] and dextran sulfate [236] have been
synthesised, and dextran hydrogels may be formed from such functional derivatives
[237]. All bacteria-derived polysaccharides have an inherent risk of contamination from
endotoxins. Endotoxins are components of the bacterial cell membrane that are highly
immunogenic such that small residual volumes of endotoxin can render solutions
immunogenic, even when the polymer itself is not. More rarely, polysaccharides
themselves can induce negative side effects, and native dextrans suffer from a small but
serious risk of anaphylactic complications [233]. Managing these risks is a key factor in
the application of bacteria-derived polysaccharides in tissue engineering.

TE polysaccharides have also been isolated from animal sources. The most prominent
non-mammalian source is crustacean exoskeletons, which contain a high percentage of
the biopolymer chitin. The extraction and deacylation of chitin yields chitosan, a
polysaccharide used in agriculture and medicine as an antifungal and antibacterial agent
[238, 239]. Unlike GG and ALG, chitosan is functionalised with amines, and is crosslinked either by polyanions, or covalently through amine chemistry, most commonly
using glutaraldehyde. Chitosan scaffolds and hydrogels have been employed in a variety
of TE applications, for example, Lee et al. reported on the moulding of chitosan scaffolds
to support mesenchymal stem cells for bone repair [142]. Chitosan is also a suitable
matrix for the release of anionic drugs and has been used to simultaneously provide both
a cell scaffold and drug release in a multi-functional PNG [240]. Blends of chitosan and
artificial polymers have also been created in an attempt to improve the mechanical
properties of chitosan fibers for peripheral nerve repair [241].

Finally, polysaccharides derived from mammalian sources have also been employed,
particularly the glycosaminoglycans (GAG). Hyaluronic acid, heparin sulphate,
chondroitin sulphate and keratan sulphate are all GAGs found naturally in human
tissues, most commonly as components of proteoglycans in the ECM. Because such
polysaccharides are found in native tissue, scaffolds fabricated from GAGs are not only
highly biocompatible, but able to be remodelled, degraded or resorbed by the body’s
natural enzymatic and cellular processes. Burdick and Prestwich reviewed scaffolds
formed from hyaluronic acid and functionalised derivatives [242], reporting that the
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hyaluron scaffold was biocompatible, cell informative, processable and of high
functional efficacy. The addition of GAGs to collagen-based PNGs has also been shown
to improve functional recovery, however the reports differ in terms of how closely this
recovery compares with that observed using autografted tissue [243, 244]. Nevertheless,
GAGs remain an important potential source of biofunctional polymers for nextgeneration PNGs.

Figure 1.12: Polysaccharides in Tissue Engineering: (A1–A5) The source and structures of (A1) Starch
– plant, (A2) Alginate – seaweed, (A3) Low-acyl gellan gum – bacteria, (A4) Chitosan – crustaceans, (A5)
Hyaluronic acid – mammalian. (B) Hydrogels formed with internal channels using the seaweed-derived
polysaccharide agarose as a sacrificial template, reported by Bertassoni et al. [245]. (C) Microscopic
porosity within an alginate hydrogel, reproduced from Fonseca et al. [221].
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1.3.3.2 Proteins
Proteins are arguably the functional core of all biology and they perform an incredibly
diverse array of tasks. As of 2009, there were over 8 million distinct proteins sequences
catalogued, with a correspondingly broad array of functions [246]. Despite this
incredible diversity of form and function, the range of proteins available to therapeutic
applications is limited, primarily because foreign proteins cause significant
immunogenic reactions that render the treatment ineffective, or even detrimental
[247]. For this reason, engineered tissues have been constructed almost exclusively from
endogenous proteins, particularly those found naturally in the ECM. Two reviews of the
ECM components applied to peripheral nerve repair may be found in Gonzales-Perez et
al. [202] and Gao et al. [94].

As noted previously, collagen is the backbone of the ECM and provides both structural
and functional support to encapsulated cells. Because of its ability to form selfsupporting scaffolds, type-I collagen was one of the first materials employed in PNG
engineering and several collagen-I based nerve guidance channels are available for
clinical use [57, 58]. The collagen derivative gelatin is also utilised in TE research,
particularly in the UV cross-linkable methacrylate form [167, 248]. Whilst collagen
provides an informative cell scaffold even in isolation, its principal role is to form a
structural backbone around which the many other bioactive ECM components may
bind [190]. Numerous blending and functionalisation processes are under investigation
to improve the performance of collagen based PNGs by imparting some of these other
cues [94]. The protein laminin and glycoprotein fibronectin are two ECM components
with key roles in mediating cell adhesion processes in human tissues. Both whole
molecules of laminin and fibronectin [94, 249], as well as short peptide sequences found
within them [196-200], have been used to enhance cell binding in PNGs. Similarly,
collagen has been functionalised with peptide sequences mimicking aspects of polysialic
acid and a human natural killer cell epitope, with these functionalised collagen fillers
used for the regeneration of mouse femoral nerves [250]. More recently, bacteria have
been employed as a controllable platform for the production of collagen-mimicking
proteins [251], a technique recently applied by Parmar et al. to generate peptidefunctionalised collagen scaffolds for cartilage regeneration [252]. Commercial ECM
mimics also exist, notably Matrigel and Puramatrix, and have been used in PNG designs
[253, 254]. Whilst effective at supporting cells, these systems are proprietary mixtures of
ECM proteins, peptides and related biomaterials, and the lack of public information on
their exact composition and synthesis makes tailoring the system for peripheral nerve
regeneration challenging. A major challenge in applying ECM materials for PNGs is
their processability, as many display complex gelation behaviours that are dependant on
time, temperature, pH or enzyme interactions [190, 255]. Overall, proteins and related
ECM components are an important, if not irreplaceable, source of the cell adhesion and
support for regenerating nerves. The implementation of suitable processing strategies for
these components is a critical factor for their ongoing application.
37

1.3.3.3 Cell Seeding, Spheroids and Decellularisation
One novel approach to the fabrication of informative cell matrices is through the use of
cell spheroids. The essence of this technology is formation and bioprinting of large cell
clusters into a cell-laden proto-tissue that is then transferred to a bioreactor to mature
over several days or weeks. During maturation, the cells encapsulated in the proto-tissue
synthesise ECM components including collagen, laminin and fibronectin, structuring
them into a functional ECM by the same processes that occur in vivo [256]. By
controlling the type and placement of cells, as well as the nutrients, trophic factors and
physical stimulation applied to these proto-tissues, the shape, composition and function
of the final tissue can be somewhat controlled [139, 257]. This versatile approach has
been used to create a variety of tissue types including vasculature and nerve guidance
structures (Figure 1.13). At present however, there is only a partial understanding of the
complex cell signalling and ECM remodelling processes that occur during maturation of
these proto-tissues, and controlling this process to a level that allows for the recreation of
the fine structures of the endoneurial tube appears unlikely with current technologies.
Nevertheless, the principle of cell seeding to secrete ECM components and otherwise
prepare scaffolds for nerve regeneration is potent. For example, many authors have
sought to incorporate Schwann cells into prototype PNGs to recapitulate their biological
role [91, 110, 258, 259], which includes axonal guidance and trophic support as well as
ECM synthesis and remodelling. The clear benefits of such cell seeding, however, are
counter-balanced by practical considerations with regards to the need for a seed
population of autologous cells during fabrication. For clinical application, the isolation
and maturation of this population would require a prior medical procedure and
additional lead-time before the nerve guide could be installed. Given the timedependence of nerve regeneration [36], whereby earlier interventions are favoured, an
acellular PNG installed immediately may be preferable to a cellular graft installed after a
delay, even if the cellular graft is fundamentally better at supporting regeneration.

One approach for utilising cell-generated ECM, without implanting cells, is the
decellularisation of fully formed tissues. The approach relies on the selective removal of
cells from their ECM by treating tissues with solutions that disintegrate and remove the
cells from their ECM [136]. Decellularised scaffolds have been formed from the tissues
of pigs, cattle, horses and human donors, and applied clinically for the repair of skin,
heart valves, tendons and breasts [134]. Peripheral nerve guides have also been fabricated
through the decellularisation processes, with the specific materials [260] and procedure
[261] employed having a significant impact on the final regeneration outcomes. There
are few examples in the literature of augmenting decellularised PNG scaffolds with
engineered elements, however it is conceivable that the addition of GF release, electrical
stimulation and other functional elements may improve the functional axonal recovery
through these devices.
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Figure 1.13: Bioprinting with Cell Spheroids: (A) Schematic representation of the layer-by-layer
extrusion printing of cell spheroids and agarose into a multi-lumenal PNG proto-tissue. Both bone
mesenchymal stem cells (BMSCs) and Schwann cells (SCs) were incorporated into the spheroids. (B1, B2)
Images of the fused tissues formed after 7-day maturation and removal of agarose from the tissue, (B2)
The location of Schwann cells within the graft confirmed by fluorescence. Scale bars represent 500 µm.
Adapted from Marga et al. [139].

1.3.3.4 Artificial Biocompatible Polymers
As has been discussed, engineered tissues not only require materials with
biofunctionality, but mechanical integrity, processability and controlled degradation as
well. Artificial polymers are employed across a broad spectrum of TE because they
provide excellent processing and mechanical properties, enabling the reproducible
formation of scaffolds and devices [98]. Notable examples of synthetic polymers used in
TE include polycaprolactone (PCL), polyglycolic acid (PGA), poly(lactic acid) (PLA),
poly(lactic-co-glycolic acid) (PLGA), poly(ethylene glycol) (PEG) and polyurethane
(PU). Because of their synthetic routes and known chemistry, many of these polymers
may be controlled in terms of functional groups, chain lengths and branching, factors
which manifestly impact the properties of the bulk material [262]. Similarly, the high
processability of synthetic polymer materials enables the engineering of high-resolution
scaffold structures with finely tuned porosity, mechanical properties and degradation
behaviours [263]. Mobasseri recently templated PCL/PLA nerve guides with longitudinal
microgrooves with varied geometries and widths, down to 10 µm. The presence of these
grooves was thereafter shown to improve axonal regeneration in a transected rat sciatic
nerve over 10 mm [264]. In another example, Jenkins et al. electrospun a nanofibrous
mesh of synthetic polyurea onto sucrose fibers. The scrolling of this mesh and
dissolution of sucrose yielded a PNG with multiple longitudinal lumens [178]. The main
disadvantage associated with the use of synthetic polymers for nerve tissue engineering
is the lack of specific bioactivity and cell binding sites. However, significant research is
currently being directed towards the modification of synthetic polymers with
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biologically derived functional groups for improved bioactivity [265]. Even without
chemical modification, artificial polymer systems present an attractive option for the
fabrication of mechanically robust sheaths that can be further filled or functionalised
into PNGs [187, 266]. Overall, synthetic polymers have already shown substantial
promise in tissue engineering applications, and are well suited to providing a wellcontrolled, mechanically robust and biodegradable scaffold that may be further
improved by the addition of bioactive components.

1.3.3.5 Organic Conductors
As described in Section 1.1.6.4, one research direction proposed for the improvement of
nerve guides is the inclusion of electrical conductors. These conductive materials do not
replicate a component of autologous nerve tissue, but instead augment PNGs with a
capacity to deliver electrical stimulation to cells during regeneration. The interest in such
electrical stimulation stems from several other successful clinical applications of electrical
stimulation, including deep brain stimulation, pacemakers and the cochlear ear implant.
Currently, these clinical devices employ inert metal electrodes, notably platinum (Pt)
and platinum/iridium (Pt/Ir), however there is a drive to replace these systems with
organic conductors that possess high surface area, low electrical impedance and better
mechanical compliance with biological tissues [267]. In 2010, Asplund, Nyberg and
Inganäs highlighted the application of conductive polymers (CP) for neural interfaces,
citing their ability to reduce interfacial impedance, as well as to store and release
bioactive molecules over the lifetime of the implant [101]. Three major groups of
conductive polymers are presently being researched, polypyrrole (PPy), polyaniline
(PANI) and the polythiophene derivative poly(3,4-ethylenedioxythiophene) (PEDOT).
All CPs possess a highly delocalised electron cloud, represented in chemical notation as a
conjugated series of alternating single and double covalent bonds. Removal or addition
of electrons to this system creates a charge on the polymer backbone that can be
manipulated with the application of electric fields. Whilst not truly localised, these
charges are partially confined by deformations in the polymer matrix. These
quasiparticles have been termed polarons, bipolarons and solitons depending the number
of formal charges they possess and their freedom of motion [268]. A thorough review of
the specific structures and conduction mechanisms of common conductive polymers
can be found in Balint, Cassidy and Cartmell [103]. One key aspect of conductive
polymer physics is the need for a counter charge for polarons, bipolarons and solitons, a
role performed by the ‘dopant’. Dopants are incorporated during synthesis of CPs, and
often partake in the redox reactions that convert the monomer precursors to their CP
form. An ideal dopant causes minimal deformation of the CPs linearity, which is
important for electron delocalisation and conduction efficiency, but is able to shuttle in
and out of contact with the CP, reversibly controlling conductivity. As well as
modulating conduction efficiency, the selection of dopant can impact other properties
of CPs. For example, Bendrea et al. published a review of conductive polymers applied in
tissue engineering, reporting that:
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‘The selection of biomolecular dopants has a significant effect on both electrical
and biological activity at the resultant surface. … by careful choice of the dopant anion,
cell responses can be modulated in terms of adhesion, growth, proliferation and
differentiation’ – Bendrea et al. [102]

Whilst the strategy of modulating CP behaviour through dopant selection has been
employed for some time, the application of biomolecular dopants to impart CPs with
specific biofunctional behaviours is relatively new. There are two distinct approaches to
the dopant functionalisation of CPs. The first is the incorporation of small, bioactive
dopants that are released from the matrix through electrical stimulation as a form of
controlled drug delivery [117]. Notably, this approach is amenable to the release of
neurotrophins for neural support [114, 116], an approach proposed for many nextgeneration PNG designs. The second approach to CP biodoping is with large
biomolecular dopants, intended to remain in contact with the polymer backbone [269],
but present bioactive markers to the surrounding cells and tissue either continuously or
reversibly [112, 113]. Whilst work in this field has progressed substantially in the last
decade, many potential CP-biomolecule combinations have yet to be investigated and
the screening of new biomaterials presents a promising avenue for the development of
new cell-interfacing conductor platforms. Finally, whilst numerous examples exist of
electrical stimulation improving differentiation and axonal extension of nerve
populations, there is an incomplete knowledge of the physiological mechanism involved
and studies that further this fundamental understanding would be of high value to the
field [104]. In conclusion, organic conductors, and in particular CPs, are highly
attractive systems for the creation of neural interfaces. The development of new
bioactive CP systems for stimulation and/or drug delivery, as well as studies which
further the fundamental understanding of the role of stimulation in nerve regeneration
present important paths forward for the field.

1.3.3.6 Modification of Biomaterials
Many of the previously discussed biomaterials address some aspects of the required
material properties for a PNG, but fall short in other areas. Increasingly, there has been a
drive to imbue promising biomaterials with added functionalities to broaden their
efficacy in TE applications [60, 234, 270, 271]. A detailed review of biofunctionalisation
approaches applied to polymers for neural tissue engineering may be found in Wang et
al. [59]. Initially, whole proteins were employed to functionalise materials, such as the
surface modification of PCL with gelatin and fibronectin molecules to improve cell
adhesion in bone tissue engineering [182], collagen immobilisation on conducting
polymers for improved neural interfacing [111], or fibronectin addition to an alginate
matrix for nerve regeneration [249]. More recently however, peptide modification has
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been pursued as an alternative to whole proteins, to improve control and lessen impacts
on the bulk mechanical and physical properties of the hybrid structure. Peptides are short
amino acids sequences often based on the functional sites of proteins, and may impart a
wide range of biological behaviours to peptide-modified materials. For example, Zhu
reviewed the bioactive modification of PEG hydrogels for TE, finding modification had
been used to impact cell binding, enzymatic degradation and immunoregulation
amongst others [265]. Alginate hydrogels have also been a target for peptide
modification, particularly with peptides containing the RGD sequence [215, 217, 221],
which is found naturally at the binding sites of fibronectin, laminin and collagen, and is
known to mediate cell-matrix binding [272]. Combinations of peptides have also been
employed, such as Fonserca et al. who functionalised alginate with both RGD, and
PVGLIG, which is available for in vivo cleavage and matrix degradation by enzymatic
hydrolysis. Fonserca demonstrated a substantial improvement in morphology of
encapsulated mesenchymal stem cells when cleavage sites were available [221]. Peptide
oligomers have also been employed as freestanding microstructures without a
conjugating polymer [273], with the commercial product PuraMatrix being widely
employed example of a self-assembling peptide hydrogel [274].

Other bioactive molecules, particularly neurotrophins, have also been incorporated into
scaffolding materials. For example, PCL was recently functionalised with both RGD and
NGF, providing synergistic benefits to the growth and differentiation of nervemodelling PC12 cells [275]. More commonly however, large biofunctional molecules
like NGF, BDNF and NT3 have been delivered through controlled release from
conductive polymer platforms [116, 276] or microspheres with controlled porosity
and/or degradation rates [277]. There is significant evidence to suggest that gradients of
neurotrophins will functionally impact nerve regeneration, particularly through growth
cone steering [76, 278]. Fabrication of PNGs containing gradients of neurotrophins is a
notable avenue for future PNG research.

Biopolymers may also be functionalised to impact their processing and cross-linking
behaviours [271], for example, the ECM derivative gelatin is easier to produce and
handle than its parent protein, collagen, however gelatin hydrogels are thermally
unstable and melt when raised to physiological temperatures. The methacrylation of
gelatin to form gelMA enables UV-mediated cross-linking of gelatin chains, improving
both the strength and the thermal stability of resultant gelatin hydrogels [248]. GelMA
has since found use in a variety of TE applications [279], and similar UV-sensitive
functionalisations have also been conducted with many other polysaccharides, including
carrageenan [222], dextran [234], hyaluron [242] and gellan gum [280]. Non-photoinitiated cross-linking has also been investigated, such as the modification of hyaluron
with thiols, disulfides and aldehydes, each of which allow the glycosaminoglycan to
undergo spontaneous hydrogel formation [242]. Finally, multiple modes of
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functionality may be combined, such as the agarose hydrogel reported by Luo et al.
[281]. In this case, RGD cell binding moieties were masked by a photoliable cystine,
such that focused laser light could be used to pattern RGD availability within the
structure post-gelation, with the authors using the technique to form channels that
guided axonal extension from a dorsal root ganglion explant.

In summary, there are many synthetic routes and targets available for the
functionalisation of biomaterials to improve their mechanical, processing or biological
properties. A multi-functionalised PNG has a demanding range of functional
requirements, and chemical modifications to either biological or synthetic polymers may
yield materials that out-perform those currently available for TE.

1.3.4 Biomaterials – Section Summary
There is an incredibly diverse array of biomaterials available for TE, including
polysaccharides, proteins, synthetic polymers and small molecules. Autologous nerve
tissue contains an equally wide array of factors, although not all of these biological
components are readily processed. Judicious design may allow for the creation of hybrid
scaffold structures that employ the mechanical integrity of artificial polymers alongside
the bioactivity of natural ECM components. Alternatively, synthetic pathways may be
utilised to either biofunctionalise synthetic polymers, or improve the processability of
biological polymers. Collectively, these strategies are likely to provide a suite of
processable biomaterials that will greatly improve the function of many engineered
tissues, including peripheral nerve guides.

1.4 Models of Nerve Regeneration

Any new material, fabrication process or PNG intended to improve peripheral nerve
regeneration naturally requires testing and benchmarking with systems that model the
behaviour of nerve cells and the nerve regeneration process. The following section
introduces the available models of peripheral nerve regeneration, and identifies those
most suited for application as part of this thesis.

1.4.1 Animal Models of PNR
As discussed in Section 1.1.4, nerve regeneration involves many distinct physiological
processes including macrophage infiltration, Schwann cell responses, ECM remodeling
and axonal extension. The complex and multi-cellular nature of this process makes it
difficult to accurately replicate in vitro, and in vitro models are generally not able to
predict functional recovery outcomes, or the probability of immunogenicity and graft
failure [282]. As a result of these factors it is considered necessary that peripheral nerve
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guides be assessed in vivo using animal models prior to human trials and clinical
application and the most commonly applied model for this purpose is the transaction
and subsequent repair of sciatic nerves in rodents [283]. Bozkurt et al., for example,
reported bridging a 20 mm gap in rat sciatic nerve with a microstructured collagen nerve
guide [284]. Rats were assessed for functional recovery using the static sciatic index, a
measure of toe spread, as well as subsequent histology performed on the grafts following
euthanasia of the animals. Similarly, Sowa et al. utilized adipose-derived stem cells to aid
the repair of a mouse sciatic nerve lesion. The authors assessed functional recovery
outcomes by monitoring the walking tracks of mice 2, 5 and 8 weeks post-implantation
[285], an approach also applied by Goulart et al. [286]. Santos et al. repaired rat sciatic
nerve defects using PEOT/PBT nerve guides, measuring functional recovery via the
amplitude of motor and sensory neuron action potentials, as well as performing
histology [287]. Finally, Owens et al. repaired rat sciatic nerve with a fully cellular nerve
guide, testing electrophysiology by muscle action potential and sensory response on the
live animals, as well as absolute axon regeneration following animal euthanasia and
histology of the graft [150]. In each of these cases, the sciatic nerve transection model
provided a rigorous assessment of the nerve regeneration process, including both
functional and histological measures of recovery. Despite the clear scientific benefit of
these in vivo techniques, it is also important to note that transecting and repairing
nerves in live animals invariably leads to stress, pain and functional loss for the animal
in question. Moreover, the histological studies currently in use for confirming PNG
efficacy all involve animal euthanasia, and animals are ultimately sacrificed regardless of
the treatment’s success or failure. In order to minimise the suffering and loss of animals
as a result of scientific study, it is the beholden on scientists to limit to use of animal
testing and replace these systems with ethical alternatives wherever possible. This is
particularly important in cases where the toxicity or immunogenicity of the materials are
not yet know, as physiological reactions and rejection can significantly worsen the wellbeing of test animals. A recent review of the in vitro models available for peripheral
nerve regeneration recommended a reduced reliance on in vivo testing, particularly for
studies focused on the “biocompatibility of new and/or modified biomaterials” as well as
“cell behaviour changes due to environmental alterations induced by physical agents”
[282]. As the experiments conducted as part of this thesis involved material screening
and electrical stimulation, it was determined that in vitro models would provide a more
appropriate avenue for testing, rather than proceeding directly to the relatively intensive
and ethically impactful in vivo approach.

1.4.2 Animal Explants
One alternative to the use of in vivo models for testing PNGs is to harvest primary
tissues from animals, but thereafter culture the isolated cells in vitro. Many cell types
may be harvested in this fashion, including muscle cells [288], neurons and glia [289], or
complete tissues including brain segments [290], muscle fibers [291] and peripheral
nerves [292]. Adult animal explants have been used in the study of PNR for several
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decades, initially with amphibians, early studies that are well catalogued by Tonge,
Edström and Ekström [292]. Even at this stage it was apparent that the dorsal root
ganglion (DRG) was particularly important to both the formation and regeneration of
nerves [293], and explants were generally taken to include both peripheral nerve and its
attached DRG [292]. However explants of peripheral nerve/DRG bundles taken from
adult mammals were reportedly difficult to maintain under in vitro culture [292] and
DRGs are now routinely isolated from prenatal mammals instead [293-296]. Although
questions remain over the potential confounding impacts of media supplements
required for foetal DRG culture [297], explanted DRGs have found use as a drugscreening tool [295], as well as being a model of nerve regeneration [143, 296]. One of
the key benefits of using DRG explants for PNG research is that neurite outgrowth from
DRGs is reflective of axon regeneration, and DRGs are a source of both neurites and
Schwann cells, whose growth and migration can be tracked [295, 297]. The assessment
of prototype PNGs using whole DRG explants has been widely reported, including
DRGs sourced from chicken embryos [68], prenatal rats [78, 79, 296] and neonatal rats
[143]. Additionally, dissociated DRG cultures from adult rats have been employed for
PNG testing [83], and are known to mimic the behaviours of adult sensory and motor
neurons [298]. Recent studies have investigated ways of further improving the DRG
model using co-culture techniques. For example, in 2010 Vyas et al. described an in vitro
model employing both the DRG and ventral root ganglion (VRG) to form artificial
nerve structures reflective of the natural spinal nerve [299]. Similarly, de Luca et al.
recently proposed a model that combines both explanted DRG neurons and adiposederived stem cells into a hybrid system [259].

Overall, explanted DRGs are reported to provide a versatile in vitro model of peripheral
nerve regeneration, providing a source of extending axons as well as supportive glial
cells. Whilst explant studies still rely on animals as a tissue source, ethical impacts are
limited to the initial animal sacrifice and there is no risk of ongoing animal suffering in
instances where PNG designs are found to be ineffectual or toxic. As a result, DRGs are
considered to be an suitable option for assessing PNG designs prior to in vivo studies,
and should be included as part of the assessment protocol. However the logistical
requirements of animal sourcing and sacrifice still render DRG studies less attractive for
material screening studies, where high-throughput models would be preferred. Cell lines,
immortalised cell populations that may be maintained in culture to an arbitrary number
of generations, are expected to be better suited to such initial screening studies.

1.4.3 Cell Lines and Stem Cells
Biologists have long sought in vitro cell systems that provide accurate, rapid and
reproducible models of in vivo cell behaviours, without the need to harvest fresh tissues
from humans or animals for every experiment. Cell senescence, a process by which cells
from mature tissues cease dividing or become apoptotic after 40-70 cell divisions,
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effectively places a limit on the time cultures of mature cells can be maintained in vitro.
However, during the last century two distinct sources of cells have emerged that are
amenable to long-term culture in vitro. The first involves the isolation and screening of
cells from mature adult tissues that have become cancerous. Cancerous tissues are
notable for their rapid and uncontrolled mitotic division, and cancerous cells do not
display typical cell senescence. Whilst rapid and unlimited cell division is generally
detrimental or even fatal to host animals, cancerous cells are well suited to in vitro
research as they provide a readily grown and consistent platform for study. In 1943,
Wilton Earle and co-workers performed the first successful isolation of an immortal
mammalian cell line, derived from cancerous rodent fibrotic tissue [300]. The capacity
of this cell line to maintain stable phenotypes for an arbitrary number of generations
saw them quickly adopted by laboratories across the globe, and L929 cells have been
supplemented by a wide array of other lineages, including those specific to neural
modelling [282]. B35 neuroblastoma cells are CNS modelling cells, isolated in 1974 by
Schubert et al. amongst an array of CNS lines [301], of which only B35 and B50 remain
in regular use [302]. These cells are primarily used to model apoptotic behaviours for
toxicology studies or, less commonly, the impact of cell adhesion molecules [303].
Because of their CNS origin and behaviours, B35 cells are rarely employed to model
peripheral nerve regeneration. PC12 is another neural modelling cell line in regular use.
Established by Greene and Tischler in 1976, PC12 cells were cloned from rat adrenal
pheochromocytoma tissue, but exhibit behaviours akin to neural tissue [304]. In
particular, PC12 cells exposed to nerve growth factor (NGF), differentiate from a
rounded morphology to a flattened one, and extend axon-like projections that positively
stain for neural markers including ß-III tubulin and GAP43 [304-306]. PC12 neurites
exhibit many similar growth patterns to neurons, including growth cone formation and
responsiveness to topographic and trophic guidance [83, 307]. For these reasons, PC12
cells have been widely adopted as a simple model for neural cell behaviour. In particular,
the formation, length, branching and directionality of PC12 neurites are employed as an
internally comparable model of neural cell differentiation and axonal extension. More
recently, Cashman et al. fused neuroblastoma and spinal chord cells into a series of cell
lines. One of these lines, NSC34, was found to extend neurites, produce action
potentials, and induce clustering in acetylcholine receptors on muscle fibers [308].
Because of these effects, NSC34 cells have been most commonly employed as a model of
motor neurons, either in isolation, or as part of a co-culture with muscle cells to
investigate the formation and function of neuromuscular junctions [309].

The second source of cells for long term in vitro culture and experiments are stem cells,
the undifferentiated precursor cells from which all mature cells and tissues within the
body are derived. Like cancerous cells, stem cells undergo self renewal without exhibiting
senescence enabling their maintenance and culture in vitro for a large number of
generations. However self-renewing stem cell populations do not reflect the function of
adult cells, and stem cells are generally differentiated towards a specific mature tissue
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type prior to experimentation. The exact types of mature tissues that can be produced
using stem cells depends on their source and the applied differentiation protocol, with
embryonic stem cells having the greatest potential for further differentiation [310].
However, ethical and logistical concerns surrounding the use of embryonic stem cells
[311] has led most current stem cell research to utilise multipotent stem cells derived
from adult stromal tissues, notably the bone marrow, dental pulp and adipose tissues.
Significant research has been directed towards developing cell culture protocols that
guide the differentiation of these mesenchymal stem cells (MSCs) towards particular
tissue types [312, 313]. Recent studies have also demonstrated the reprogramming of
many stem cells, including MSCs, to induce de-differentiation towards pluripotency and
these induced pluripotent stem cells (iPSCs) represent one of the major thrusts of
current stem cell research. Regardless of their source, stem cells present an attractive
alternative to cancerous cell lines for the study of neural regeneration, as tissues grown
using human stem cells may be more reflective of human pathologies than models
formed using animal-derived cell lines. The main draw-back of stem cells is the
complexity of forming and handling cell populations, which require precise control of
timing, temperature, growth factors, nutrients, culture surfaces and a myriad of other
factors that can influence the differentiation behaviour [313]. Because of this sensitive
environmental dependence, stem cell populations do not necessarily provide consistent
experimental results, and the ability of some MSCs to appropriately model neural tissues
has been questioned [314]. Although several authors have reported the successful
differentiation of stem cells into Schwann cells for in vitro studies or after seeding
directly into PNGs [91, 92, 315], few complete stem cell models of peripheral nerve
regeneration currently exist. As a result, stem cells were not considered to be a reliable
alternative to the PC12 cell line for material and PNG screening studies conducted in
this thesis. However, as the protocols for forming and handling stem cell populations are
further refined it is likely stem cell-based approaches will ultimately supersede cancerous
cell lines for in vitro experimentation [311].

Overall, cell lines are currently deemed to be the best suited system for initial materials
screening studies, and PC12 cell line provides a proxy for studying neural behaviours as
well. The significant history of PC12 cell culture provides confidence in the reliability of
the system, and additionally ensures there is a substantial base of literature against which
new results can be compared and assessed. However, the PC12 cell line is an imperfect
model that does not capture many subtleties of the nerve regeneration process, most
notably the multi-cellular interactions between regenerating axons and resident glia.
Cell line studies should therefore be treated as a preliminary test system, with promising
materials being progressed towards DRG explant experiments and, ultimately, the in
vitro repair of transected sciatic nerves.
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Figure 1.14: Cell Sources for in vitro Studies: (A) Cell lines sourced from cancerous tissues undergo
long-term self-renewal and can model a wide variety of tissue types. (B) Tissues directly explanted from
animals closely recapitulate the in vivo state, but have a limited lifetime in vitro due to cell senescence. (C)
Human stem cells isolated from stromal tissues such as bone marrow may be expanded in culture before
being directed towards a wide variety of targeted differentiation states.

1.4.4 Characterisation
All cells, including non-neuronal cell lines, may be used to assess the generic
cytotoxicity of materials developed for a PNG. Many methods exist for assessing cell
viability, with one notable example being staining with cell permeable acetomethoxy
calcein (calcein-AM) and propidium iodide (PI). Calcein is a dye with a strong
fluorescence emission at 515 nm, which is quenched by the acetomethoxy moiety.
Intracellular esterases cleave the acetomethoxy group from calcein, restoring
fluorescence to the molecule whilst also rending it unable to diffuse back into the
extracellular fluid. Fluorescence is therefore confined to cells with an active metabolism,
which is a sign of cell viability. PI binds to nucleic acids (either DNA or RNA) to yield a
red fluorescence at 617 nm. Live cells generally exclude PI, however cells with
compromised membranes admit it, and intracellular PI fluoresence is therefore taken as
a marker of membrane failure correlating to either impending or realised cell death.
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Using these two dyes in combination, the viability rates of cells within a population can
be used to probe the impact of materials or processes on the viability status of cells.

Some materials may not trigger immediate cell death, but exert more subtle impacts on
the population. Such effects may be evident in the population’s growth rate, which can
be tracked using assay techniques such as PicoGreen and MTS. Briefly, PicoGreen is a
fluorophore that is activated upon binding to double stranded DNA (dsDNA). Digesting
a population of cells and exposing them to the PicoGreen reagent yields fluorescence at
520 nm, the intensity of which is directly proportional to the quantity of dsDNA
available. Correlating fluorescence readings against a standard curve generated from
either pure DNA or a known number of digested cells allows for the quantification of
the dsDNA present in a digested sample. Whilst PicoGreen does not distinguish between
living and dying cells, readings taken from replicate populations over a time course of
days or weeks reveal trends in dsDNA that are closely reflective of the changes in cell
number. MTS assays, by contrast, are performed on live cells that actively metabolise a
tetrazolium precursor to form the coloured metabolite, formazan, which absorbs strongly
around 490-500 nm. Over a standardised incubation time the production of formazan is
proportional to the total metabolic activity of cells in the population, which is often
taken as a proxy measure of cell number, but may in fact be confounded by altered
phenotypic cell behaviour including cell metabolism rate [316]. Both MTS and
PicoGreen assays are routinely employed for the monitoring the proliferation rates of
cell populations in 2D, however the accuracy of such assay techniques for assessing cells
in 3D culture systems is less certain [317].

Neuronal and neuron-modelling cell lines including PC12s, B35s, NSC34s and
explanted cells can be characterised by these generic techniques, but are additionally
suitable for neuron-specific characterisation. One useful characterisation technique is the
immunostaining of neurite maker proteins [318]. Immunostaining employs antibodybound fluorophores to specifically stain elements of the cell, particularly those that are
indicative of particular phenotypes or cell behaviours. Tubulins, for example, are globular
proteins that are polymerised to form the microtubules of the cellular cytoskeleton. One
of these tubulin proteins, ß-III tubulin, is found almost exclusively in the cytoskeletons
of neurons, and antibodies recognising ß-III tubulin stain the neuron cytoskeleton but
not those of other cells, enabling the conclusive identification of neurons amongst other
cells. Another neurite marker is growth-associated protein 43 (GAP43), which is
involved with neurite growth, steering and maintenance. Whilst GAP43 is present in
developed neurons, it is expressed at highest levels during axonal growth and resides
primarily in the developing growth cone. Antibodies targeting GAP43 can therefore be
used as a stain for actively growing axons and their growth cones. Once key features of
neurons have been identified, the cells can be additionally characterised in terms of their
morphological characteristics. Particularly, the morphology of extended neurites has
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been used to elucidate the impact of treatments on populations of neural cells [109,
305]. Projection size, number, outgrowth rate, branching behaviour and directionality
are all useful measures of neurite behaviour. An ideal nerve guidance structure would
induce the formation of aligned axonal outgrowths that are long, linear and rapidly
extending. Cell differentiation and phenotype can also be quantified in terms of the
genes and proteins being actively expressed within a cell, or cell population. Polymerase
chain reaction (PCR) techniques use repeated denaturation and annealing steps to
greatly enhance the quantity of a specific DNA target, elevating it to levels that may be
readily detected and analysed. Alternatively, Western Blotting techniques quantify
protein expression through a combination of gel electrophoresis and immunostaining.
Both protein and DNA expression can be used to monitor cell differentiation pathways,
and flow cytometry techniques are routinely applied to track the differentiation of stem
cells using a library of fluorescent markers.

Finally, in vitro neural cell populations can be characterised in terms of their functional
behaviour. As described in Section 1.1.1, one of the primary actions of neurons is to
carry action potentials. Electrophysiological measurements use micro-electrodes to
record the changing electric field in close proximity to firing cells. The depolarisation
and repolarisation of the cell membrane during action potentials produces characteristic
signals that indicate the presence of mature neurons. Many electrode systems have been
developed to provide detailed information about the character of neurons and neural
networks. Multi-electrode arrays (MEAs) record electrical activity across many cells
simultaneously, allowing an assessment of the inter-cell signal transfer in functional
neural networks. Patch clamping studies create a microscopic perforation in the cell
membrane and utilise extremely fine, hollow electrodes to isolate the signals of
individual cells or even individual ion channels. As an alternative technique to
electrophysiology, the ion fluxes involved in action potential firing may also be
visualised with fluorescent probes. Whilst many ion fluxes are associated with action
potentials, calcium fluxes are most commonly used for staining and visualisation of
neurons, a review of which can be found in Grienberger and Konnerth [319]. Although
calcium is not directly involved in the passing of action potentials, it mediates the
sensitisation of neurons over a longer time frame, making calcium fluxes more suitable
to visualisation than the short-lived potassium or sodium currents. Two distinct classes of
calcium dyes exist, being genetically encoded protein dyes [320] and conventional
chemical probes [319]. Chemical calcium dyes including Fluo-4, are small molecules
whose fluorescence is activated by the presence of calcium and are well suited to rapid
calcium imaging protocols [321]. Like calcein-AM, Fluo-4 may be utilised as an
acetoxymethyl derivative that is only cleaved and activated once internalised within a
cell, decreasing background fluorescence. Both electrophysiology and calcium imaging
may be employed to passively record baseline activity, or the response of a cell
population to applied stimuli such as electrical stimulation or neurotransmitter delivery.
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1.4.5 Cells – Section Summary
In summary, in vivo studies provide the most accurate pre-clinical model of PNR but
also present a significant ethical and logistical burden. Following recommendations
presented in Genua et al. [282], testing of PNG materials and prototypes are to be
initially conducted with simple and ethically sensitive models. The PC12 cell line has
been identified as an attractive option for this stage of assessment due to their rapid
growth, simple handling protocols, minimal ethical impact, neuron-like cell behaviours
and long history of successful application. Nevertheless, cell line studies should be
considered as an initial step in the assessment process to be followed by studies using
explanted animal tissues, particularly DRGs, as a more organotypic system comprising
both neuronal and glial cells. PNG prototypes that are assessed and validated by both
cell-line and DRG testing should ultimately be assessed in vivo via the repair of
transected sciatic nerve defects. However the use of animal studies should contingent on
the results from in vitro cell-line testing in order to eliminate unnecessary animal
suffering resulting from the implantation of ineffective or harmful materials.
Collectively, this suite of assessment techniques should provide a broad foundation for
the characterisation of new materials and PNG designs, and provides a pathway for
transitioning novel materials and PNG designs towards clinical application.

1.5 Chapter Conclusions

This chapter has reviewed the current state of the art in peripheral nerve repair, and
explored tissue engineering as a route for improving the functional outcomes for
patients with PNIs. Traumatic damage to peripheral nerves triggers a complex natural
regeneration process that drives functional recovery following mild injuries. However,
injuries that severely disrupt the internal membranes of the nerve require surgical
intervention to enable recovery. Over the last two decades, artificial nerve guides have
been developed and applied clinically in an attempt to replace autografts for the repair of
PNIs, however recovery outcomes to date have typically been poor when compared to
autography. Literature consensus suggests that these poor recovery outcomes are
attributable to the simplistic design of current generation guides, which fail to
recapitulate the structure, bioactivity, topography or trophic cues provided by autologous
tissue. The field of biofabrication shows great promise in this respect, and the
development of new fabrication techniques has opened the door to the creation of nerve
guides that closely mimic the natural nerve structure. Biomaterials research has been
pursued in parallel with research in biofabrication, and biomaterials including
polysaccharides and proteins are in regular use alongside synthetic polymers for the
creation of engineered tissues. There remains a demand for materials that combine
processability and biofunctionality as well as new, multi-stage fabrication processes
specific to the fabrication of PNGs. With continued development in these areas, multifunctional PNGs may soon match or exceed the repair outcomes of autografted tissues,
affording simpler treatments and faster recoveries for patients following serious
peripheral nerve trauma.
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1.6 Aims

This thesis aimed to contribute to the development of next generation peripheral nerve
guides. Toward this goal, we sought to create a suite of knowledge, biomaterials and
processing techniques relevant to the fabrication of a multi-functional, bioactive and
electroactive PNG. Specifically we aimed to:

1.

Develop Support Materials
Isolate, test and optimise materials that may act as support layers within a
peripheral nerve guide, including the development of materials tailored for both
structural and axon-promoting roles. Applied materials must be highly
biocompatible, amenable to processing, and provide support and guidance for
axonal regeneration.

2.

Develop Conductive Materials
Synthesise, test and optimise new materials to deliver electrical stimulation to
regenerating neural tissues. Conductive materials should be processable,
biocompatible and biofunctional.

3.

Apply Electrical Stimulation
Fabricate stimulation chambers containing the novel conductive materials
alongside live neural cell models in geometries relevant to PNG structures.
Utilise stimulation chambers to test and refine both the materials and cell
stimulation protocols. The applied electrical stimulation should both enhance and
direct axonal regeneration.

4.

Develop Fabrication Techniques
Design and construct biofabrication tools capable of processing biomaterials,
conductors and cells into complex 3D geometries. The fabrication techniques
should be capable of forming PNG structures, including fibers containing axon
guidance channels, internal electrodes, longitudinal gradients and a mechanically
robust sheath. Ideally these processing techniques should be simple, versatile, and
minimally impact processed cells.

5.

Produce a Prototype Nerve Guide
Combine the promising materials and processing techniques developed into a
single, multi-functional nerve guide and assess its ability to support and guide
axonal regeneration.
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Chapter 2:

MATERIALS AND METHODS

T

his chapter includes the particulars of materials, equipment and experimental
procedures used in the course of this thesis. The chapter is arranged into a general
.methods section that includes all routinely used methods and equipment, and
four specific methods sections containing those protocols and methods that are
unique to particular results chapters. Non-standard protocols are accompanied by
explanatory figures and relevant references.

2.1 General Methods
2.1.1 Basic Equipment
Borosilicate 3.3 glassware, including beakers, conical flasks, volumetric flasks, measuring
cylinders and Schott bottles were obtained from IsoLab and Schott Duran. Dry reagents
were weighed using a Kern AEJ 220-4M laboratory scale (John Morris Scientific). Liquid
reagents were measured and dispensed with the aid of ACURA826 air displacement
pipettes (Socorex) or measuring cylinders, based on the required precision. Solutions
were heated and mixed using a Heidolph MR Hei-Standard magnetic hotplate (John
Morris Scientific) and magnetic stirrer bars (Thomas Scientific). Where required, sample
preparation and reactions were performed in a GRP 1500 Laboratory Fume Cupboard
(Dynaflow).

2.1.2 Solvents, Gases, Ice and Cryogens
Unless otherwise specified, H2O used in this thesis was purified by reverse osmosis (RO)
using an RiOs water purification system (Millipore) and Progard 2 (Millipore) water
filter. High purity Milli-Q H2O (resistivity 18.2 MΩ.cm) was dispensed from an Arium
Pro VF water purification system via Progard 2 and Q-Gard 1 (Millipore) filtration
packs. Organic solvents including ethanol, methanol, acetone and acetonitrile were
ordered in bulk from Chem Supply and decanted as required. Water ice was produced on
site as 13 g cubes using an SSC025 Self-Contained Ice Maker (Stuart Manufacturing).
Liquid nitrogen (LN2) was obtained from BOC Ltd, with gaseous nitrogen (N2) tapped
from evaporated LN2. Gaseous CO2 was obtained in cylinders from BOC Ltd.
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2.1.3 General Reagents
Calcium chloride was obtained either as the anhydrous (Fluka Analytical, 0001251790)
or dihydrate (ChemSupply) forms. Sodium chloride was obtained as pure salt (Sigma,
MKB9892V). Sodium hydroxide was obtained as solid mini-pearls (Chem-supply) and
hydrochloric acid as solutions (32 %, Ajax Finechem), with both generally being diluted
to 1 M solutions prior to use. Ammonium persulfate and iron (III) sulfate heptahydrate
were obtained from Ajax Finechem. EDOT monomer was obtained from Amsheng
Chemical Company and distilled prior to use. Unless otherwise specified, solutions of
solid reagents were made up using Milli-Q H2O.

2.1.4 Biopolymers and Proteins
Low-acyl gellan gum (GG) was obtained from CP Kelco (traded as Gelzan™ CM) and
used as received, or after purification by the ion-exchange method described in Section
2.2.3. Carrageenan, in both kappa (Genugel, SK82500) and iota (Genuvisco, SK83028)
forms, was also obtained from CP Kelco. Alginate (ALG) for mechanical studies and
printing was obtained as the alginic acid sodium salt from brown algae (Sigma,
081M1093V) whilst cell work with alginate was performed using ultrapure alginate
(Pronova). Other polysaccharides were obtained from Sigma as sodium salts, including
dextran sulfate from Lenuconostoc sp. (DS, Sigma, SLBC5988V), heparin sulfate from
porcine intestine (HS, Sigma, 099K1446), hyaluronic acid from Streptococcus sp. (HA,
Sigma, 537447) and chondroitin sulfate from bovine trachea (CS, Sigma, 031M1362V).
Gelatin was sourced as porcine skin isolate (Sigma, SLBK6158V), and its cross-linking
agent genipin was obtained from Challenge Bioproducts (98 %, Challenge Bioproducts
Co.). Type-I collagen was isolated from rat tails as described in Section 2.2.6, or obtained
as part of a commercial 3D collagen culture kit (Millipore, ECM675).

2.1.4.1 Polymer Solution Preparation
Solutions of ionic polysaccharides (GG, ALG, DS, CG etc.) were formed by combining
dry powders with Milli-Q H2O in sealed Schott bottles and mixing at 50–70 ˚C for at
least four hours using a magnetic hotplate-stirrer, with polymer concentrations typically
being 0.5–2 % (w/v). Gelatin solutions were formed immediately prior to use by heating
crystallised gelatin at 70˚C in Milli-Q H2O for ~30 mins with stirring. Polysaccharide
and gelatin solutions intended for cell culture were sterilised by hot (70 ˚C) filtration
through a 0.2 µm filter (Millipore). Collagen was obtained as sterile acidified solutions
that were neutralised immediately prior to use. All polymer solutions were stored at
4 ˚C when not in use.
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2.1.4.2 Hydrogel Casting
Biopolymer solutions were processed into solid hydrogels using a number of methods.
For polysaccharide hydrogels, biopolymer and CaCl2 solutions (typically 1 % (w/v) and 1
M, respectively) were separately heated to 50–80 ˚C, and then combined to yield a final
CaCl2 concentration of 5 mM. This reaction mixture was immediately transferred to
casting moulds, covered and allowed to set. Cylindrical moulds were formed from
polyvinyl chloride tubing (PVC, Bunning’s Group Ltd) of 10 mm or 15 mm internal
diameters, sectioned into rings of 10 mm or 5 mm heights. The PVC moulds were
finished by sanding, and then cleaned with H2O and ethanol. The specific protocols for
hydrogel casting for mechanical studies (Sections 2.1.4.3 and 2.1.4.4), cell studies
(Section 2.1.5.8) and electrical testing (Section 2.1.4.5) can be found in those sections.

2.1.4.3 Mechanical Testing - Compression
Compressive mechanical analysis was conducted on a Shimadzu EZ-S mechanical
analyzer equipped with an EZ–S/L 50 N load cell and 20 mm compression plate.
Hydrogel samples were cast or printed into PVC wells measuring 10 mm height and 16
mm diameter and allowed to fully cure at 21˚C for at least 2 h prior to testing. Once
cured, samples were transferred to the instrument and compressed at a rate of 25
mm/min, to a maximum strain of 80 %.

2.1.4.4 Mechanical Testing - Rheology
The rheological characteristics of hydrogels and biopolymer solutions were determined
using an Anton Paar Physica MCR 301 rheometer equipped with a H-PTD200
temperature controlled mantle and P-PTD200 heated base plate. For solid hydrogel
studies, hydrogels were cast into PVC moulds with internal diameter of 18 mm and
height of 5 mm and allowed to cure at 21˚C for at least 2 prior to testing. Hydrogels
were then transferred into the instrument and slightly compressed under a 15 mm
stainless steel parallel plate before being tested under oscillating shear, with the strain
amplitude rising from 0.01 % to 100 % shear strain at a constant angular frequency of 5
Hz. Data was obtained using the manufacturer’s Rheoplus software (32 V 3.4), and
exported to Excel (Microsoft Corp.) for analysis. Linear viscoelastic regions (LVR) were
determined from the plot of complex shear storage (G’) and loss moduli (G”). For
testing of solution flow behaviours, the rheometer was equipped with a CP50-1 small
angle cone test plate. The heating mantle and base plate were then set to relevant
temperature (either 25 ˚C or 37 ˚C), and 570 µl of test solution was delivered and
afforded 5 minutes to equilibrate. Shear rate sweeps were then applied, ranging from
0.1–1000 Hz and changes in complex viscosity were recorded.
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2.1.4.5 Electrical Testing - Impedance
The bulk electrical impedance behaviour of cast hydrogels and conductive dispersions
was assessed using a custom, high surface area electrical impedance spectroscopy device
developed by Warren et al. [322] (Figure 2.1). A set of five custom moulds were laser cut
to include a 1 cm wide channel of varying lengths so as to provide a separation of 0.5–
2.5 cm between two reticulated vitreous carbon (RVC) electrodes that were placed at
opposite ends of the channel (Figure 2.1: B). Gels were set into this channel from hot
biopolymer/CaCl2 mixtures produced as per Section 2.1.4.2, or reactively printed into
the channel using the methods outlined in Section 2.4.1. Dispersions of biodoped
PEDOTs were also tested using this system, and these were directly poured into the
moulds without further processing. In all cases, impedance analysis was performed using
a waveform generator (Agilent U2761A) by applying oscillating electrical potential of
0.015–1 V across a circuit containing the sample and a known resistor, and measuring
the voltage drop across the gel sample and resistor with a two-channel oscilloscope
(Agilent U2701A). This process was performed across a range of applied frequencies
between 1 Hz and 100 kHz (Figure 2.1: C). By plotting resistance against channel
length, the contact resistance and bulk solution resistance were independently
determined as described in Warren et al. [322].

Figure 2.1: Bulk State Impedance Analysis: (A) Schematic/circuit diagram of the system used to test bulk
impedance in hydrated samples. (B) The testing well and RVC electrodes. (C) A typical Bode plot showing
sample resistance across the range of tested frequencies. (D) The equivalent circuit used to model
electrical conduction through hydrogels contains a resistor (R1) and Warburg element (W1) in series.
Figure based on those in Warren et al. [322].
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2.1.4.6 Scanning Electron Microscopy
Electron micrographs of wet state hydrogels and fibers were obtained using a low
vacuum JEOL JSM-6490LA Analytical Scanning Electron Microscope (SEM), with the
aid of a cryo-sectioning method developed by Dr. Tony Romeo of the UOW Electron
Microscopy Centre (Figure 2.2). Prior to sample preparation, cylindrical brass mounting
plates were drilled to create mounting holes of a wide range of diameters and depths.
Fibers and hydrogels were removed from their respective baths and mounted vertically
inside the pre-drilled holes, selecting a hole slightly wider than the hydrogel’s diameter
and deep enough to accommodate 50-70 % of the gel or fiber. The mounted samples
and a razor blade were then transferred into a bath of liquid nitrogen and all parts were
snap-frozen for 45 seconds. After freezing, samples were cross-sectioned using the cold
blade and immediately transferred to a Teflon stage inside the SEM. The system was
then pumped down to low vacuum and images were immediately obtained at a 15 kV
acceleration voltage.

Figure 2.2: Hydrogel Cryosectioning and SEM: (A) Hydrogels are manually transferred to drilled holes
within a brass mounting plate. (B) The mounted samples are immersed in liquid nitrogen along with a
razor blade. (C) The cold blade was used to section the gels at the level of the brass plate. (D) The
mounted and sectioned samples were transferred to a steel mount within the low vacuum SEM for
imaging. (E) Photograph of a loaded sample inside the SEM.

2.1.4.7 Computer Aided Design
Custom prototype parts for cell stimulation experiments, modified wet spinning
apparatus and the hand-held bioprinter were fabricated by 3D printing. 3D models were
prepared using SolidWorks 2015 (Dassalt Systems) computer aided design (CAD)
software. Renders and technical diagrams were produced within the SolidWorks program
suite from these models. When required for computer-controlled printing, parts were
converted to stereo-lithography (STL) files, sliced and then transferred to the relevant
3D printer for fabrication.
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2.1.4.8 Plastic and Metal Printing
Once designed, custom parts were fabricated using a range of additive manufacturing
technologies by the Australian National Fabrication Facility (ANFF). Components
designed for printer augmentation were fabricated from acrylonitrile butadiene styrene
(ABS) thermoplastic using either a uPrint Plus (Stratasys) or UP Plus (3D Printing
Systems) and manufacturer settings. Final designs of parts intended for use in cell
culture were manufactured on Objet Connex 500 (Stratasys) using the company’s
proprietary ABS derivative RGD5160-DM, being a UV-curing polymer with resistance
to ethanol sterilisation. Metal parts, employed in wet-spinning were fabricated from
titanium 6-4 (20-60 µm spheres) using an SLM-50 selective laser sintering metal printer
(Realizer). Once printed, parts were dislodged from support materials and finished by
hand, with metal parts being additionally cleaned by sand blasting and sonication in
water.

2.1.5 Cell Culture Protocols
2.1.5.1 General Equipment and Protocols
Unless otherwise stated, all cell culture was carried out in a class II biological safety
cabinet (BSC, Contamination Control Laboratories) that had been surface sterilised by
20 minutes of UV irradiation and wiped down with 70 % ethanol. Cell culture flasks,
well plates, centrifuge tubes and graduated pipettes were obtained sterile from the
Cellstar range (Greiner Bio-one, Interpath Services). A Pipet-Aid XP (Drummond
Scientific) and Acura-825 air displacement pipettes (Socorex) were employed for
handling liquids in graduated pipettes and plastic pipette tips (Interpath Services),
respectively. Pipette tips, media bottles and other equipment expected to be in close
contact with cells were autoclaved prior to use. Working solutions were sterilised by
passing through a 0.22 µm filter (Millex GP), and generally warmed to 37˚C in a water
bath (Memmert) prior to use. Where required, solutions were mixed using a Mixmatic
Vortex Mixer (Jencons Julabo). Centrifugation of cell suspensions was performed in a
Hearafus Multifuge 1S-R (Thermo Scientific) for 5 minutes at 1500 rpm (428 G). All
flasks and equipment were dried and sprayed externally with 70 % ethanol prior to being
transferred into the BSC. Aseptic techniques were employed to minimise the risk of
contamination during all work conducted inside the BSC. When not in use, cell
populations were incubated at 37˚C and 5 % CO2 in Hera Cell 150 humidified incubator
(Thermo Scientific).

2.1.5.2 Microscopes
Microscopy of cells on planar, transparent substrates was performed using an Axiovert
40CFL inverted light microscope (Zeiss) equipped with a HBO 50 Mercury lamp and
Axiocam ICm1 camera. Cells on opaque substrates were viewed using an Axioimager
A1m (Zeiss) equipped with HBO 100 Mercury lamp and AxioCam MRm camera. All
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images were obtained and processed with the aid of the manufacturer’s Axiovision
software (v4.8). Three-dimensional fluorescence imaging of encapsulated cells was
performed using a TSC SP5 II confocal microscope (Leica). Confocal images were
obtained and processed using the Leica Advanced Fluorescence (LAF v2.6, Leica
Microsystems) software suite. 3D projections were obtained from the z-stacked layers in
the 594 nm excitation channel.

2.1.5.3 Cell Line Sources
Original cultures of the PC12 rat pheochromocytoma and C2C12 mouse skeletal muscle
cell lines were obtained from American Type Culture Collection (ATCC). The L929
mouse fibroblast cell line was a gift to the group from Prof. Mark Wilson of the
University of Wollongong.

2.1.5.4 Media Conditions
Cells were exposed to nutrient and growth factor conditions specific to the cell type and
required differentiation state, however all media for cell lines was based on Dulbecco’s
Modified Eagle’s Medium (DMEM, Invitrogen) supplemented with 2 mM sodium
glutamate (Life Technologies). To this base media, a variety of serums and growth
factors were added. L929 cells were proliferated in a 1:1 mixture of DMEM:F12 (Sigma)
supplemented with 10 % foetal bovine serum (FBS, Invitrogen). C2C12 cells were
proliferated in DMEM with 10 % FBS, and differentiated in DMEM with 2 % horse
serum (HS, Sigma). PC12 cells were proliferated in DMEM supplemented with 5 % FBS
and 10 % HS, and differentiated using DMEM with 1 % HS and 50 ng/mL nerve
growth factor (NGF, Invitrogen, Life Technologies). Phosphate buffered saline (PBS,
Sigma) was employed for washing during subculture and media changes, as well as for
the storage of fixed cells for microscopy. PBS employed for the washing or staining of
polysaccharide hydrogels was additionally supplemented with 5 mM CaCl2 to maintain
gel structure. All media sterilised by passing through 0.22 µm filters (Millex GP) and
wash solutions were autoclaved prior to use. For experiments with a high contamination
risk, media was supplemented with 10 U/mL penicillin and 10 µg/mL streptomycin by
the addition of 1 % (v/v) concentrated PenStep solution (Gibco, 15140122).

2.1.5.5 Cell Thawing and Freezing
Cell lines not in routine culture were stored in cryovials in liquid nitrogen vapour as
aliquots of 1x106 frozen cells in 1 mL of complete growth medium supplemented with 5
% (w/v) dimethyl sulfoxide (DMSO). When required for culture, the sealed cryovial was
thawed in 70 % ethanol at 37 ˚C for 90 seconds. The freshly thawed cells were then
transferred to 5 mL of 37 ˚C DMEM, immediately centrifuged for 5 mins at 1500 rpm.
The pellet was then gently resuspended in relevant growth media and transferred to a T59

25 culture flask along with 5 mL of growth media. The cells were incubated (37 ˚C, 5 %
CO2) and split at least once prior to using for experimentation.

2.1.5.6 Feeding and Splitting
Cells in routine culture were regularly fed with growth media (GM), and split as they
approached confluence (typically once every 4–7 days). To achieve this, the media was
removed and either discarded (for C2C12 and L929s) or retained (for PC12s). The T-25
flask was then washed with 1 mL of PBS and treated with 500 µL of trypsin at 0.25 %
w/v (for L929 and C2C12s) or 0.05 % w/v (for PC12s). After 3–5 minutes the flask was
gently tapped to dislodge loose cells, followed by the addition of 1 mL DMEM. The
contents of the flask were then transferred to a centrifuge tube, along with two
additional washes and the retained media in the case of PC12 cells. This cell suspension
was then centrifuged, followed by the removal of supernatant and resuspension of the
cell pellet in 1 mL of fresh growth media (GM) by gently pipetting up and down for 20–
50 iterations to obtain a single cell suspension. 100–200 µL of the resulting cell
suspension was transferred to a fresh T-25 flask along with 5 mL of fresh GM and
returned to the incubator.

2.1.5.7 Counting
Prior to seeding or encapsulating cells for specific experiments, the cell population was
counted to ensure consistent cell seeding densities. Cells were trypsinised, centrifuged
and resuspended as above. 10 µL of the cell suspension was removed and transferred to
the counting chamber of a Brightline hemacytometer (Hausser Scientific). Where
significant rates of non-viable cells were suspected, the 10 µL of cell suspension was first
mixed with 10 µL of trypan blue (Sigma), and 10 µL of the mixture was transferred to
the hemacytometer. In both cases, the hemocytometer was viewed under an optical
microscope and cells within the inscribed regions were counted. The concentration of
cells in the suspension was then calculated using the manufacturer’s protocol.

2.1.5.8 Cell Seeding and Encapsulation
For 2D culture experiments involving immunostaining, culture surfaces were pre-treated
with 20 µg/L natural mouse laminin (Invitrogen) to promote cell adhesion. After 2 h at
37 ˚C, laminin was removed and the culture wells were allowed to dry prior to cell
seeding. Counted cell suspensions were aliquoted to a 15 mL tube and supplemented
with media to yield the required cell density for seeding. This diluted suspension was
delivered to each well and supplemented with additional media as required. The number
of cells seeded depended on the flask size, cell type and media conditions. For 2D
proliferation studies, cells were uniformly seeded at 5000 cells/cm2. For differentiation
studies, PC12 cells were seeded at 3000 cells/cm2 and C2C12 cells at 30000 cells/cm2,
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with both cell types being initially seeded from growth media, and changed to
differentiation media within 24 h.

For 3D encapsulation experiments, cells were encapsulated to a final density of 1–2 x
106 cells/mL. For biopolymer encapsulation, a 40 ˚C water bath was created within the
BSC using an ethanol-sterilised beaker, magnetic stirrer-hotplate and filter sterilised
H2O. Biopolymer solutions at double the concentration required for encapsulation were
filter sterilised and placed in the water bath. A cell suspension was then centrifuged and
resuspended in differentiation media at double cell density (2–4 x 106 cells/mL) and also
transferred to the water bath. Once equilibrated the cell and biopolymer solutions were
mixed 1:1, and immediately distributed to the cell culture wells.

For collagen encapsulation, chilled solutions of type-I collagen and 1 M NaOH were
brought to room temperature. Meanwhile, a cell suspension was centrifuged and
resuspended at five times the required encapsulation density (5–10 x 106 cells/mL) in
differentiation media. The collagen was neutralised by adding 19 µL of NaOH solution
per millilitre of collagen, before being mixed in a 4:1 ratio with the cell suspension and
immediately distributed to the culture wells. Both collagen and biopolymer gels were
allowed to set for 5 minutes at 21 ˚C, before each was covered with fresh differentiation
media and incubated.

2.1.5.9 Live/Dead Staining
The viability of cell populations on experimental materials was determined by calcein/PI
staining. For 2D cultures, cell culture media was removed and replaced by 2 µM calcein
AM (Molecular Probes) in PBS and incubated for 10 mins. Propidium iodide (PI,
Sigma) was then added to the PBS to a final concentration of 1 µg/mL, and the samples
were incubated for a further 5 minutes. The stains were removed and replaced with fresh
PBS, and the cells immediately imaged using a Zeiss AxioImager fluorescence
microscope. For cells encapsulated in biopolymer hydrogels, the calcein and PI
incubation times were 40 min and 10 min respectively, and the PBS was first
supplemented with 1 mM CaCl2.

2.1.5.10 Fixation and Immunostaining
The following describes the immunostaining protocol applied to PC12 and C2C12 cells
on 2D surfaces. Where cells were encapsulated in hydrogels, the time frame of each wash
and staining step was tripled to afford sufficient time for equilibration of the hydrogel.
For cells encapsulated within ion sensitive hydrogels (eg: GG or ALG), the PBS solutions
were supplemented with 1 mM CaCl2 prior to staining to maintain gel integrity during
prolonged wash steps.
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Prior to staining, cells were washed once with PBS and then fixed in 3.7 %
paraformaldehyde (PFA, Fluka) in PBS for 10 mins at room temperature, followed by a
wash with fresh PBS. The PBS was then replaced with cold methanol/acetone (50:50)
and the cells were placed on ice for 5 mins to permeabilise, followed by two additional
washes with PBS at room temperature. The cells were then placed in blocking solution
(10 % donkey serum (Chemicon) and 0.05 % Tween 20 (Sigma) in PBS) for at least 1
hour, followed by another PBS wash and incubation with primary antibodies. For PC12
cells, primary antibodies targeting β-III tubulin (mouse anti-b-tubulin, Covance), and
growth associated protein 43 (rabbit anti-GAP43, Millipore) were diluted 1:1000 in
blocking solution. For C2C12 cells, staining targeted desmin (mouse anti-desmin,
Novocastra), which was also diluted 1:1000 in blocking solution. In each case, cells were
incubated overnight at 4 ˚C to allow antibody binding. Cells were then washed twice
with PBS, and then treated with secondary fluorophores. Anti-desmin and anti-ß-III
tubulin antibodies were coupled with Alexa fluoro-594 (red) donkey anti-mouse
antibody (Life technologies), whilst anti-GAP43 was coupled with Alexa fluoro-488
(green) donkey anti-rabbit antibody (Life technologies). In all cases, secondary
antibodies were diluted 1:1000 in blocking solution, and transferred to wells which were
then protected from light and incubated for ~4 hours at room temperature. Following
incubation, cells were washed three times with PBS with cell nuclei being counterstained with 4’,6-diamidino-2-phenylindole (DAPI, 1 µg/mL, Molecular Probes) at
1:500 in the second PBS wash.

2.2 Specific Methods - Chapter 3: Support Materials
2.2.1 Circular Dichroism
The dissolution and sol-gel transition behaviours of GG and its derivatives were assessed
using a Jasco circular dichroism (CD) spectrometer with Peltier temperature control,
guided by the protocols in Ogawa et al. [323] and Ferris et al. [324]. For CD spectra and
melt curves, 1 % (w/v) solutions of GG, NaGG and RGD-GG prepared according to
Section 2.1.4.1 were diluted 1:1 with Milli-Q H2O and transferred to a 5 mm path
length CD matched quartz cuvette (Starna Scientific). Melt curves were generated by
monitoring the CD signal and absorbance at a wavelength of 201 nm, whilst ramping
temperature from 10 ˚C to 50 ˚C at a rate of 2 ˚C per minute. At each 5 ˚C interval, a
complete wavelength scan (195 nm – 250 nm) was obtained in CD and absorbance. For
the GG dissolution study, a Schott bottle containing 200 mL Milli-Q H2O and a
magnetic stirrer bar was brought to 60 ˚C on a stirrer-hotplate. 2 g of GG powder was
then added to the hot solution, and mixed at 200 RPM. At 0 min, 1 min, 5 min, 15
min, 30 min, 1 h, 2 h and 20 h of mixing, 5 mL samples were taken from the dispersion,
passed through a 0.22 µm filter and collected in centrifuge tubes. These aliquots were
stored overnight at 4 ˚C, and then transferred to 1 mm path length CD matched quartz
cuvettes (Starna Scientific) and the CD spectra was determined between 195 nm – 250
nm.
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2.2.2 Gellan Gum Sterilisation
The impacts of sterilisation on GG dispersions and hydrogels were assessed in terms of
both physical properties and microorganism growth. A 500 mL solution of 1 % (w/v)
GG in Milli-Q was prepared as per Section 2.1.4.1. This solution was then split into four
autoclaved Schott bottles and each was separately sterilised. For autoclaved GG, the
solution was transferred directly to the Schott bottle and then autoclaved for 15 minutes
at 121 ˚C. For the filter sterilised sample, the 1 % (w/v) GG solution was transferred to
the Schott bottle using a sterile 50mL Luer lock syringe and 0.22 µm sterile filter
(Millipore). For antibiotic treated samples, 100 mL of the GG solution was transferred
directly to the Schott bottle and then supplemented by the addition of 1 mL of PenStrep
(1000 U/mL penicillin, 1000 µg/mL streptomycin). For the unsterilized control, the GG
solution was transferred directly to the Schott bottle without further treatment. All
samples were then capped and transferred to a hotplate at 70 ˚C. Meanwhile, 50 mL of 1
M CaCl2 and 200 mL of DMEM were also warmed to 70 ˚C, and 400 µL of CaCl2 was
then added to the DMEM with mixing to yield an additional 2 mM Ca2+ in solution.
This calcium supplemented DMEM was then resterilised by filtration through a 0.22 µm
filter, sealed, and returned to the hotplate at 70 ˚C. Twelve 40 mm diameter Petri dishes
and four 100 mL sterile reagent reservoirs (VistaLab Technologies) were transferred to
the BSC, sterilised with 70 % ethanol and allowed to dry. Once all materials were
prepared, 40 mL of each GG solution was mixed with an equal quantity of the
Ca2+:DMEM in the sterile reagent reservoirs, and then immediately pipetted to fill three
Petri dishes and four PCV moulds. Once distributed, gels were afforded 20 mins to set at
room temperature. Meanwhile, 10 mL from each of uncross-linked GG solutions was
transferred aseptically to individual 15 mL sterile centrifuge tubes, photographed, and
then refrigerated. Finally, the GG hydrogels set into Petri dishes were sealed with
Parafilm and split across an incubator (37 ˚C, 5 % CO2), laboratory bench (21 ˚C) and
refrigerator (4 ˚C). These hydrogels were monitored daily for micro-organism growth by
a combination of photography and microscopy. The PVC moulded hydrogels and
uncross-linked GG suspensions were both refrigerated overnight, then rewarmed to 21
˚C prior to testing under oscillatory shear rheology by the methods reported in Section
2.1.4.4.

2.2.3 Gellan Gum Purification
Commercial samples of low-acyl GG (Gelzan™ CM, CP Kelco) were purified to remove
divalent cations following the method reported by Kirchmajer et al. [227], replacing the
reported isopropanol precipitation step with lyophilization. Briefly, 1.25 g of Dowex
50W-X8 cation exchange resin (Fluka, H+ form, 50-100 mesh), pre-rinsed in 1 M HCl
and Milli-Q water, was mixed for 30 mins with a hot (60 ˚C) mixture of 1 % GG
prepared as per Section 2.1.4.1. Once the solution stabilised at pH 2.2, the resin was
allowed to settle and the supernatant decanted into a pre-heated beaker through a coarse
filter. The resin was rinsed twice with small volumes of 60 °C H2O and added to the
supernatant. To this solution (kept at ~ 60 °C), 4 M NaOH was added drop-wise until
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the pH stabilised at ~ 7.5 to convert the gellanoic acid to the sodium salt (sodium
gellanate, NaGG). This hydrated product was then transferred into 50 mL centrifuge
tubes and frozen overnight at -20 ˚C. One fully solidified, the product was transferred to
a freeze-dryer and lyophilized for 2 days or until completely dry. The resulting product
was stored dry at 4 ˚C until required

2.2.4 Flame Atomic Absorbance Spectroscopy
The concentrations of Na, Ca, K and Mg in GG and NaGG were determined by Dr.
Damian Kirchmajer (University of Wollongong) using flame atomic absorption
spectroscopy (AAS) burning acetylene/air. Samples were analysed using a Spectra AA
220FS (Varian) spectrometer equipped with sodium (589.6 nm), potassium (769.9 nm),
calcium (422.7 nm) and magnesium (285.2 nm) hollow cathode lamp sources. Samples
were prepared by digesting 1 g of dry material in 5 mL of hot concentrated sulphuric
acid (Ajax Finechem), followed by drop-wise addition of hydrogen peroxide (30% (v/v),
Ajax Finechem) until the solution became transparent. The solution was allowed to cool
prior to the addition of 16 mL of 12.6 mg/mL caesium chloride ionisation suppressant.
The solution was then made up to 100 mL with the addition of Milli-Q H2O and mixed
thoroughly prior to measurement. Concentrations were blank-corrected and
interpolated from calibration curves prepared using a certified multi-element standard
solution (Inorganic Ventures). The limit of detection for each element was taken as
twice the standard deviation of blank measurements.

2.2.5 Peptide Modification of Gellan Gum
Peptides were coupled to NaGG using a variety of conditions, which will be fully
discussed in Section 3.3.1. For optimised RGD-GG synthesis, 10 mL of a 50 mM
solution of 2-(N-morpholino)ethanesulfonic acid (MES, Sigma) buffer (pH 6.5) was
used to dissolve 100 mg of NaGG by stirring at 60 ˚C. 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC, Sigma) was weighed under N2 gas, and then
dissolved in sufficient MES buffer to yield a solution of 0.3 M EDC. 50 µL of this EDC
solution then transferred to the NaGG solution, followed by 50 µL of a 0.15 M solution
of N-hydroxysulfosuccinimide (sulfo-NHS, Proteochem) in MES buffer. The solution
was vortexed and transferred to a 37 °C water bath for 15 mins to activate the
EDC/NHS couple (Figure 2.3: R1, R2). After activation, G 4RGDSY or G 4RGESY
peptide solutions (Auspep) were added in quantities sufficient to bind to 1 mol % of
total carboxylate groups and the mixtures were retained overnight at 37 °C (Figure 2.3:
R3). After reaction, solutions were purified by dialysis using Slide-a-Lyzer mini dialysis
devices (0.1 mL, MWCO 10 kDa, ThermoScientific), with daily changes of Milli-Q
water over 5 days. The dialysed product was then transferred to 15 mL centrifuged tubes
and frozen overnight at – 20 ˚C. The product was then lyophilised over 2 days, sealed
and refrigerated (4 °C) as a dry product until required.
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Figure 2.3 RGD-GG Synthesis: Reaction scheme for the three-step peptide modification of purified GG,
(1) EDC activation of the carboxylate on the GG backbone forming an unstable intermediate; (2) sulfoNHS stabilisation of the reactive intermediate; and (3) peptide coupling to the GG backbone and
regeneration of sulfo-NHS.

2.2.6 Collagen Isolation
Type-I collagen used in this work was isolated by Dr. Nathanial Harris of the Illawarra
Health and Medical Research Institute using the methods of Timpson et al. [325]. Rat
tails were washed with 70 % ethanol and the central tendon was separated from skin and
surrounding tissue. 1 g of isolated tendons was stirred in 250 mL of 0.5 M acetic acid for
48 h at 4˚C. The solution was centrifuged at 7,500 G for 30 mins and the pellet was
discarded. 10 % (w/v) NaCl was added to the supernatant in a 1:1 ratio and stirred for 45
mins. The solution was centrifuged at 10,000 G for 30 mins and the supernatant was
removed. The pellet was then dissolved for 24 h in 0.25 M acetic acid at 4˚C with
stirring. The resulting solution was dialyzed using twice daily changes of 17.5 mM acetic
acid for 3 days and then centrifuged at 30,000 G for 1.5 h. The resulting pellet of
purified type-I collagen was dissolved in 0.5 mM acetic acid and refrigerated until
required.
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2.2.7 Bradford Protein Assay
The concentration of the isolated collagen solution was determined by the Bradford
method [326], as modified by Zor et al. [327]. A 2 mg/mL certified BSA protein
standard (Thermo Scientific, Lot OE186127) was serially diluted to 2, 1, 0.5. 0.1 and
0.01 mg/mL. Four 25 µL aliquots of each protein solution, including the collagen
unknown, were then transferred to individual wells of a 96 well plate. For each set, three
wells were supplemented with 225 µL Bradford reagent, and one with 225 µL of Milli-Q
H2O as a reagent blank. Two additional wells were formed with 225 µL Bradford reagent
and 25 µL Milli-Q H2O as a zero protein condition. After allowing 10 mins for
incubation, the absorbance spectrum of all wells was recorded using a SpectraMAX 190
plate reader (Molecular Devices). Collagen concentration was estimated using the BSA
standard curve, using the ratio of the absorbances recorded at 450 nm and 590 nm.

2.2.8 Collagen Titration
The native pH, buffering capacity and neutralisation point of the isolated collagen was
determined by titration. Prior to assessment, a WP-80 handheld pH meter (TPS, Elexon
Electronics) was calibrated using a two-point calibration with manufacturer’s standard
buffers at pH 4.01 (Potassium acid phthalate, Rowe Scientific) and pH 7.00 (potassium
dihydrogen phosphate, Rowe Scientific). Triplicate samples of 1 mL of collagen solutions
were sequentially neutralised by the addition of 20 µL aliquots of 10 mM NaOH, with
pH measured initially, and after each addition.

2.2.9 Collagen Rheology
Collagen gelling behaviour was assessed by shear rheometry using an Anton Paar
Physica 301 rheometer equipped with a CP50-1 small angle cone test plate, heating
mantle and temperature controlled base plate. Prior to collagen neutralisation, the
instrument was set to either 25 ˚C or 37 ˚C and afforded 5 mins to equilibrate.
Meanwhile 400 µL of collagen was neutralised with 9.5 µL 1 M NaOH and 100 µL of 5x
DMEM and mixed by pipetting. 450 µL of the resulting solution was transferred to the
instrument and immediately tested under constant oscillatory shear of 1 % shear strain
applied at 10 Hz, recording changes in complex viscosity.

2.2.10 Cell Encapsulation in Collagen
To encapsulate cells in collagen gels, the isolated type-I collagen solution, 1 M NaOH
and 5 x DMEM were placed on ice in a biosafety cabinet along with a separate water
bath held at 21 ˚C. PC12 cells were isolated and counted following the protocols
reported in Section 2.1.5.7. During the centrifugation step prior to cell counting, the
collagen, NaOH and 5x DMEM were transferred to the 21 ˚C water bath and allowed to
warm. Once cells were counted, 800 µL collagen, 19 µL NaOH, 200 µL of 5x DMEM
were added to an appropriate volume of cell suspension to form a neutralised collagen
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suspension containing 1–2 x 106 cells/mL. This solution was immediately transferred
into sterile culture plates, generally Cellstar 12-well plates, which were transferred to an
incubator (37 ˚C) for 15–20 mins to allow for collagen setting. Gels were then covered
with additional culture media and thereafter handled under the general cell culture
conditions previously described (Section 2.1.5).

2.2.11 Methyl Blue Staining
To confirm the positioning of collagen and gelatin, hydrogels and wet-spun fibers were
stained with methyl blue. Dry methyl blue powder (Fluka, BCBC1502V) was dissolved at
1 % (w/v) in DMEM or PBS by mixing at 40 ˚C for 1 h. Samples were immersed in this
solution for 2-3 h, followed a 30 min immersion in PBS and a final wash in fresh PBS.
Hydrogels were then imaged by brightfield microscopy, with collagen and gelatin
positive regions staining blue.

2.2.12 EA-ICE Hydrogels
Ionic covalent entanglement (ICE) hydrogels were formed by combining polysaccharide
solutions with a covalently linking polymer system prior to gelation. For epoxy-amine
ICE hydrogels (EA-ICE), 2 % (w/v) solutions of GG, i-CG and k-CG, and 0.15 mol/L
CaCl2 stock solution were formed by previously described protocols (Section 2.1.4.1).
The polysaccharide and CaCl2 solutions were brought to 70 ˚C in sealed containers in
preparation for gelation. Immediately prior to gelation, a 50 % (w/v) solution of epoxyamine was prepared by mixing 50 mL Milli-Q, 34 g of a molten (40–50 ˚C) polyetheramine (Jeffamine ED-2003, Huntsman, 1F518), and 14 g of poly(ethylene glycol)
diglycidyl ether (PEGDGE, Sigma-Aldrich, MKBC9721). These precursor solutions were
combined in a variety of ratios to form ICE networks and control gels. ICE gel (0.9 %
(w/v) polysaccharide, 22.7 % (w/v) EA, 13.6 mM CaCl2) were formed from 50 mL each
of EA and biopolymer solutions with 10 mL of 0.15 M CaCl2. Epoxy-amine gel
solutions (25 % (w/v) EA) were formed from 50 mL each of EA solution and Milli-Q.
Polysaccharide gel solutions (0.9 % (w/v) polysaccharide, 13.6 mM CaCl2) were formed
from 50 mL each of biopolymer solution and Milli-Q water with 10 mL of 0.15 M
CaCl2. Once mixed, gel solutions were immediately decanted into PVC moulding wells,
sealed and stored under controlled ambient conditions (45 % relative humidity, 21 ˚C)
for 1 week prior to testing.

2.2.13 G3-ICE Hydrogels
Gelatin-Genipin-Gellan Gum (G 3) ICE hydrogels were prepared with reference to the
protocols reported by Damien Kirchmajer [328]. Briefly, a hot (70 ˚C) 0.5 % (w/v)
solution of GG was supplemented with 0.875 % (w/v) gelatin and 0.22 % (w/v) genipin
(25 % w/w gelatin) and mixed for 3 min. For casting, this mixture was supplemented by
the addition of hot (70 ˚C) CaCl2 to a final concentration of 50 mM, and the solution
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was immediately decanted into moulds and allowed to set. For printed ICE gels, the
calcium-free solution was transferred to a syringe and printed in a 10:1 ratio with 500
mM CaCl2. All gels were allowed to fully cure for 48 h at 21˚C prior to testing.

2.3 Specific Methods - Chapter 2: Conductors and Stimulation
2.3.1 PEDOT – Chemical Synthesis
Bio-doped PEDOTS were initially synthesised by a chemical synthesis route. The various
dopant materials, including DS, CS, HA, HS, k-CG, PSS, were each dissolved in Milli-Q
H2O, along with 1 mmol EDOT monomer (Amsheng Chemical Co.) in ratios of 1:1, 1:2
and 1:3 (EDOT:Dopant, w/w). To these mixtures, 1.2 mmol ammonium persulphate
(Ajax Finechem) and catalytic quantities (~1 mg) of iron(III) sulphate heptahydrate
(Ajax Finechem) were added. The solutions were transferred to a screw-top Schott bottle
and mixed for up to 6 days with magnetic stirring. The resulting suspensions were
transferred to dialysis tubing (Sigma, MWCO 12,400 Da) and dialysed against Milli-Q
H2O over 3 days, with daily changes of water.

2.3.2 PEDOT – Electrochemical Synthesis
In later studies, PEDOT:DS and PEDOT:PSS were synthesised electrochemically by
cyclic voltammetry (CV). For electrochemical synthesis, a 50 mL solution of Milli-Q
H2O containing 72 mg (0.01 M) EDOT and 145 mg of either DS or PSS was formed
with the aid of 5 mins of bath sonication. The 3-electrode electrochemical cell comprised
an ET072 Ag/AgCl leak-less reference electrode (EDAQ), platinum mesh counter
electrode and an indium tin oxide glass (ITO) working electrode. Prior to use, the ITO
glass was cleaned by 15 min sonication in acetone followed by rinsing in Milli-Q H2O,
air drying and 5 min plasma treatment (30W in air at 1100 mTorr). PEDOT:DS was
synthesised by CV using an EDAC potentiostat to apply 50 voltage cycles between 0.4–
1.2 V at a rate of 50 mV/sec. PEDOT films were rinsed with Milli-Q H2O and air dried
prior to use.

2.3.3 Zeta Sizing
The size and stability of chemically synthesised PEDOT:DS nanoparticles was
determined using a Nano ZS Zeta Sizer (Malvern Instruments). 0.2 mg/mL suspensions
of PEDOT:DS in Milli-Q water were supplemented with 0 (control), 10 and 100 mM
NaCl and the resulting suspensions analysed for hydrodynamic particle size and zeta
potential following manufacturer protocols.
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2.3.4 Casting PEDOT Films
For dry-state characterisation of chemically synthesised PEDOT:biomolecule dispersions,
solutions were drop cast onto indium tin oxide (ITO) coated glass. The ITO glass was
first cut into rectangular (10 x 20 mm) sections and masked with tape to expose a 1 cm2
casting area. During drop casting, the ITO was heated to (80˚C) to expedite solvent
evaporation and ensure complete drying of the sample.

2.3.5 UV-Vis of PEDOT Films
Absorbance profiles of biodoped PEDOT suspensions prepared according to Section
2.3.1, and films grown on ITO glass (Section 2.3.2) were determined using a Shimadzu
UV-1800 spectrophotometer. For PEDOT doped with PSS, DS and HA, the suspensions
were diluted 1:100 with RO H2O, whilst PEDOT:CS suspensions were tested without
further dilution. In all cases, the suspensions were transferred to individual plastic
cuvettes (Plastibrand) and the instrument was zeroed against RO H2O. The absorbance
profiles of PEDOT dispersions were scanned at wavelengths between 350–1100 nm. For
electropolymerised films, the samples and control ITO glass segments were first cut into
thin rectangles (0.8 cm x 4 cm) using a glass cutter (Score1) These segments were then
placed into the instrument perpendicular to the beam path, and the absorbance was
zeroed against uncoated ITO glass. Absorbance profiles were again determined between
350–1100 nm

2.3.6 Cyclic Voltammetry of PEDOT Films
Post-growth cyclic voltammograms were obtained on electropolymerised PEDOTs as
well as the drop-cast films of chemically polymerised PEDOTs. A 3-electrode cell was
formed with the PEDOT:DS/ITO working electrode, platinum mesh counter electrode
and an EDAQ ET072 leakless Ag/AgCl reference electrode, immersed in 0.1 M
tetrabutylammonium perchlorate (TBAP) in acetonitrile. An electrochemical
workstation (CH Instruments) and EChem software (EDAQ) was used to apply ten
voltage cycles between -0.5 V and +1 V at a rate of 50 mV/sec, whilst recording current.

2.3.7 SEMs of PEDOT Films
High magnification (5000x) images of PEDOT:DS surfaces were obtained using a JEOL
JSM7500FA Field Emission Gun Scanning Electron Microscope (FEGSEM) at 5 kV.
Secondary electron images were collected via a semi in-lens detector at a working
distance (WD) of 7 mm.

2.3.8 Graphene Synthesis
Liquid crystalline graphene oxide (LCGO) solutions were synthesised by Dr. Rouhollah
Jalili using the methods of Jalili et al. [329] and Aboutalebi et al. [330]. Briefly bulk
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graphite flakes (Asbury Graphite Mills USA) were heated to 1050 ˚C for 15 secs to cause
expansion. 1 g expanded graphite was then mixed with 200 mL of sulphuric acid
(General Chemical), followed by the drop-wise addition of 10 g of KMnO4. The
resulting mixture was placed on ice, followed by the slow addition of 250 mL of 20 %
H2O2 (v/v) in Milli-Q H2O and 30 mins of mixing. The dispersed LCGO was
centrifuged, resuspended with 10 % HCl (v/v) in Milli-Q H2O and re-centrifuged. The
acidified LCGO pellet was washed with, and then resuspended in Milli-Q H2O, yielding a
final pH of approximately 4. To prepare working solutions, this material was centrifuged
at 11000 RPM for 90 mins, followed by resuspending in H2O to the desired
concentration.

2.3.9 Graphene Film Preparation
Graphene surfaces were formed from aqueous solutions of 7.5 mg/mL LCGO and 25
mg/mL hypophosphorous, mixed by tumbling immediately prior to film preparation.
This solution was transferred to a K Control Coater doctor blading machine (RK
Printcoat) and coated onto 75 µm mylar sheet (Multapex) to a thickness of 600 µm. The
LCGO coated mylar was thermochemically reduced in an oven overnight at 80 ˚C.

2.3.10 Graphene Fiber Preparation
Graphene fibers were prepared from a LCGO precursor solution containing 9-10 mg/mL
graphene. The LCGO dispersions were drawn into a 20 mL HSW NORM-JECT syringe
and loaded onto a KD Scientific syringe pump. A solution of 2 % (w/v) CaCl2 and 1 %
(w/v) hypophosphorous acid in 70:30 H2O:ethanol was prepared and transferred to a 15
cm diameter glass receiving bath, placed on a rotary stage and turned at 5 RPM. A 19gauge (dint = 0.67 mm) stainless steel spinneret was affixed to the syringe and aligned to
deliver into the bath. The LCGO was then delivered at a rate of 0.417 mL/min for ~15
minutes. The fibers and bath were transferred to an 80 ˚C oven, covered with a watch
glass and left to reduce overnight. Once reduced, fibers were removed from the oven
and gently washed with H2O by 5 exchanges of bath solution. The washed fibers were
collected from the bath and hung from a Perspex rod for 10-15 mins to air-dry prior to
transferring to a 30 cm diameter spool for final drying and storage.

2.3.11 Graphene Fiber Mechanical Properties
The mechanical properties of graphene fibers were assessed under tension using a
Shimadzu EZ-S mechanical analyzer equipped with a 50 N load cell. Four replicate
graphene fibers were secured in 500 N tension clamps with a 20 mm separation, and
sequentially tested by extension at a rate of 25 mm/min until a break was observed.
Samples were discarded if the observed break occurred at the site of clamping, rather
than centrally between the clamps. The cross-sectional area of graphene fibers was
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estimated from SEMs and light microscopy, and used to calculate the force per unit area
(stress) exerted on each sample.

2.3.12 Graphene Fiber Conductivity
The conductivity of graphene fibers was determined by the 4-point probe method. A
probe containing four parallel metal pins, holder and connecting wires was designed to
maintain an inter-pin spacing of 2.30 mm. For each sample, the four pins were coated
with a small volume of Flash Dry Silver Paint (SPI Supplies) and a graphene fiber was
laid perpendicularly across them using tweezers. The probes were connected to an EDAQ
potentiostat and EDAQ e-corder 401, which were used to apply currents across the outer
pins ranging from 1 µA to 5 mA. For each applied current, the potential across the
central pins was measured using an Agilent 34401A digital multimeter and recorded.
Between samples, pins were thoroughly cleaned with acetone prior to the application of
silver paint.

2.3.13 PEDOT-Graphene Composites
Several attempts were made towards the electropolymerisation of PEDOT:DS on
rLCGO fibers. Initially, growth CVs were performed using the same conditions applied
in Section 2.3.2 for ITO glass working electrodes, substituting ITO glass with 40 mm
untreated rLCGO fibers. A 3-electrode cell was formed from an rLCGO fiber, leak-less
Ag/AgCl reference electrode and platinum mesh counter electrode submerged in a
polymerisation solution containing 72 mg (0.01 M) EDOT and 145 mg DS in 50 mL of
Milli-Q H2O. The potential was scanned between -0.4 V and +1.2 V for 50 cycles at a
rate of 50 mV/sec and the resulting fibers were gently washed with fresh H2O and
imaged using a Leica M205 macroscope and IC80 HD eyepiece. Additional
polymerisation attempts were also made using variations on these conditions including
shifting the potential window (-0.3 V to +1.3 V), alternate solvent conditions (50:50
ethanol:Milli-Q H2O) and an EDOT dipping approach. In the dipped-fiber method, the
reference and counter electrodes were placed into polymerisation solutions formed with
DS and Milli-Q H2O only. The graphene fiber was then immersed in neat EDOT
monomer for 20 seconds, loaded into the 3-electrode cell and immediately treated with
50-cycle CV between -0.4 V to +1.2 V at a rate of 50 mV/sec.

2.3.14 Cell Stimulation – Planar Electrodes
2D cell stimulation was applied from surfaces of untreated gold mylar (CP Films Inc.),
PEDOT:DS coated gold mylar and graphene-coated mylar. PEDOT:DS surfaces were
produced by CV electropolymerisation from a solution of Milli-Q H2O containing 1.5
g/L EDOT and 3 g/L dextran sulphate. A three-electrode cell was formed from a 80 x 50
mm gold mylar working electrode, ET072 Ag/AgCl leak-less reference electrode
(EDAQ) and 80 x 40 mm stainless steel mesh counter electrode. An electrochemical
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workstation (CH Instruments) was used to apply 50 potential cycles between -0.4 V and
+1.2 V at a rate of 50 mV/sec. Once formed, PEDOT:DS films were removed from the
polymerisation bath, washed with H2O and allowed to air dry. Graphene surfaces were
formed according to the methods described in Section 2.3.9. After preparation, each
planar electrode was cut into a 80 x 50 mm rectangle, washed with RO water and dried.

Prior to stimulation experiments, a set of counter electrodes were designed and
fabricated to match the geometries of a four-well Labtek chamber. Dr. Stephene Byrne
of the Australian National Fabrication Facility (ANFF) designed and fabricated well
covers from ABS derivative RGD5160-DM using an Objet Connex 350 ink-jet 3D
printer (Stratasys). Platinum mesh and connecting wires were manually attached to
these covers, connected by soldering and sealed using Permatex flowable silicon sealant.
Once stimulation and counter electrodes had been prepared, four-well Labtek Chamber
Slides (Thermo Fisher Scientific) were separated from their glass bases and attached to
planar electrodes using silicon sealant (Permatex) that was allowed to cure for 12–24 h.
The exposed electrode surfaces outside of the Labtek well were then coated with Flash
Dry Silver Paint (Structure Probe Inc.) and copper tape, forming connection points for
stimulation (Figure 2.4: A). The electrode and housing was placed in a Petri dish,
transferred to a BSC and sterilised with 70 % ethanol along with the platinum mesh
counter electrodes. Wells were then filled with DMEM and allowed to soak overnight at
4 ˚C. After removal of DMEM, electrode surfaces were coated with laminin for 2 hours
before it was removed and wells allowed to dry. Cell seeding was then conducted by the
methods of Section 2.1.5.8, delivering PC12 cells at a density of 5x103 cells/cm2 and
covering with differentiation media. Finally, all standard Labtek lids were replaced with
the platinum mesh electrodes, avoiding air trapping, and the fully assembled electrodes
(Figure 2.4: B) were transferred to an incubator and allowed to rest for 1 h prior to the
application of electrical stimulation.

Figure 2.4: Planar Cell Stimulation Electrodes: (A) Schematic diagram of the design of electrodes used
for the 2D stimulation of PC12 cells. (B) Photograph showing the assembled electrodes with gold (left),
PEDOT:DS (middle) and graphene (right) bases, both with (back row) and without (front row) the
platinum mesh counter electrodes.
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2.3.15 Cell Stimulation – Field Electrodes
Two electrode systems were designed for the delivery of field stimulation to cells, with
no direct contact between cells and the electrode surface. The Corel Draw CAD program
(Corel Corporation) was used to design cutting patterns for 25 mm x 75 mm rectangles
internally patterned with either a linear, 1 mm wide channel which ran for 40 mm
through the centre of the rectangle, or a 1 mm channel rastered within a 15 mm x 40
mm region, maintaining an inter-channel spacing of 1 mm (Figure 2.5: A). These
designs were then fabricated by cutting 2 mm thick transparent acrylic (Cammthane
Engineering Plastics) sheeting using a PLS6.150D multi-purpose laser cutter (Universal
Laser Systems) installed with a 10.8 MW CO2 laser, N2 gas flow and 800i fume
extraction system (Purex). After cutting, the patterned acrylic was washed sequentially
with H2O and ethanol, and allowed to dry. The patterned acrylic sheets were then
masked with tape along the central axis, leaving the channel exposed. These masked
samples were affixed to the rotating stage of an Auto306 sputter coater (Edwards), which
was used to deposit 50 nm of metallic gold. The resulting gold electrodes (Figure 2.5: B)
were then incorporated into single chamber Labtek well plates (Thermo Fisher Scientific)
using the silicon sealing method previously described for 2D electrodes (Section 2.3.14).
A rectangular (22mm x 50mm) base of microscope cover glass (Chase Scientific) was
then secured to the underside of the electrode using flowable silicon (Permatex). Wires
were connected to the gold contact strip outside of the well using Flash Dry Silver Paint
(Structure Probe Inc.) and copper tape (Figure 2.5: C, D).

Figure 2.5: Field Stimulation Electrodes: (A) Laser cut patterns used in the fabrication of field
stimulation electrodes. (B) Photograph showing both linear and interdigitated electrode surfaces
immediately after sputter coating with gold. (C) Schematic diagram of the design of electrodes used for
the field stimulation of PC12 cells. (D) A fully assembled interdigitated electrode well.
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2.3.16 Cell Stimulation – Fiber Electrodes
For graphene fiber stimulation electrodes, a 200 µm sheet of mylar plastic (Multapex)
was laser cut using a PLS6.150D multi-purpose laser cutter (Universal Laser Systems) to
form 55 mm x 40 mm rectangles with four holes designed to match the spacing of 4well Labtek chamber slides (Figure 2.6: A). Once cut, this spacer layer was cleaned with
70 % ethanol, masked with tape along the line of the wells and then coated with a 50 nm
layer of gold using the Auto306 sputter coater (Edwards) and rotating stage (Figure 2.6:
B). The undersides of the gold-coated spacers were attached to a 22 mm x 50 mm
microscope cover glass (Chase Scientific) using silicon sealant. The Labtek 4-well
chamber slides were then removed from their bases, cleaned and coated with fresh silicon
sealant. Four rLCGO fibers, prepared as per Section 2.3.10, were then suspended across
each well and set in place under the sealant-coated Labtek chamber. After allowing 24 h
to completely dry, Flash Dry Silver Paint (Structure Probe Inc.) and copper tape were
added at the outer wings of the mylar spacer to provide electrical contacts for the
graphene fibers (Figure 2.6: C, D). Wells were then placed in individual Petri dishes,
transferred into a BSC and sterilised with 70 % ethanol. Finally, 2 mL of DMEM culture
media was added to each well, and the assembly was left to equilibrate overnight at 4 ˚C.
After removal of DMEM, electrode surfaces were coated with laminin for 2 hours before
it was removed and wells allowed to dry. Cell seeding was then conducted by the
standard method (Section 2.1.5.8), delivering PC12 cells at 5x103 cells/cm2, covering
with PC12 differentiation media and then transferring to an incubator. Electrical
stimulation was applied after 1 h of settling time.

Figure 2.6: Fiber Stimulation Electrodes: (A) Laser cut patterns used in the fabrication of electrical
contact spacers for fiber electrodes. (B) Photograph of electrode spaces after sputter coating with gold. (C)
Schematic diagram of the design of electrodes used for fiber stimulation. (D) Fully assembled electrode
well containing graphene fibers.
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2.3.17 Stimulation Protocols
Across all electrodes, cells were treated with biphasic pulsed stimulation, with 0.2 ms
pulse widths applied at 4 ms intervals (250 Hz) for 8 hours a day over 3 days. Field
stimulation electrodes were additionally treated with 2 ms pulse widths, applied with the
same overall frequency. Stimulation waveforms were generated by either A310
Accupulsers (World Precision Instruments) or a DS8000 8-channel digital stimulator
(World Precision Instruments) and delivered via A365 stimulus isolators (World
Precision Instruments). The current-controlled outputs of the A365 stimulus isolators
were connected to the copper tape connections of each stimulation electrode using
alligator clips. The applied currents were adjusted to ensure comparable current densities
and potentials at the various electrode surfaces. Specifically, surface stimulation on gold
mylar, PEDOT:DS and graphene electrodes was conducted at 2 mA applied current,
field stimulation and graphene fiber electrodes were exposed to 1 mA currents. During
stimulation, electrode potentials were monitored using a four-channel e-Corder 401
(EDAQ). Upon completion of stimulation, cells were fixed, stained and imaged using
the protocols reported in Section 2.1.5.10.

2.3.18 Metamorph Image Analysis
The differentiation rates and characteristics of PC12 cells was quantified by image
analysis. Cells stained for DAPI and ß-III tubulin (as per Section 2.1.5.10), were imaged
by fluorescence microscopy. The DAPI and ß-III tubulin fluorescence channels were
converted to 8-bit greyscale TIFF images and loaded into Metamorph image analysis
software (Molecular Devices). After applying scaling, images were analysed using the
neurite count module. Cell nuclei were identified from the DAPI channel images, with
approximate nuclear width range of 5 µm – 20 µm, and fluorescence intensity >3000
grey levels above local background. Cell bodies and neurite projections were identified
from the ß-III tubulin fluorescence channel, with cell bodies having an approximated
minimum width of 25 µm, minimum area of 150 µm and fluorescence level 6000 grey
units above local background. Neurites were identified using an approximate maximum
width of 5 µm and intensity of 1,000 grey levels above local background, and deemed
significant if their length was >10 µm. Cells were deemed to be differentiated neural
cells if they stained positively for ß-III tubulin, and possessed at least one neurite longer
than 10 µm.

2.4 Specific Methods – Chapter 5: Hand-held Bioprinting
2.4.1 Prototype Hand-Held Bioprinter
Hand-held printing was established using a reactive approach, whereby solutions of GG
or ALG were mixed with smaller volumes of concentrated CaCl2 at the tip of a
customized coaxial needle. The coaxial needle was custom ordered from Ramé-Hart, and
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combined 17 gauge (dint = 1.07 mm, dext = 1.47 mm) and 24 gauge (dint = 0.31 mm, dext
= 0.57 mm) stainless steel outlets fed from individual Luer-lock inlets. Biopolymer
solutions were fed through the central 24 gauge needle, whilst CaCl2 was delivered to the
17 gauge needle via a screw-driven syringe pump (Legardo 180, KD Scientific Inc) and a
line of silicon tubing. Flow rates of CaCl2 were adjusted according to desired print speed,
with 0.1 mL/min being typical. In the initial prototype biopolymer solution flow rates
were controlled by hand without precise control, however typical flow rates were of the
order of 1-10 mL/min.

2.4.2 Concentration Study
Printable polymer and CaCl2 concentration ranges were determined using the prototype
hand-held bioprinting system by sequentially printing GG and ALG solutions across an
estimated range of concentrations 0.1, 0.2, 0.5, 1 and 2 % (w/v). Each polymer solution
was sequentially loaded into a syringe and reactively printed with CaCl2 cross-linker
solutions with concentrations of 50, 100, 200 500 and 1000 mM. For each set of
conditions, the system was used to form cylindrical gels of 0.5 cm diameter and 1 cm
height. The structural integrity, aspect ratio and roughness of gels, along with the ease
and consistency of printing, was qualitatively compared to establish workable
concentration ranges.

2.4.2.1 Bioplotter Retrofitting
Initial comparisons between hand-held and automated bioprinting were performed
using the pneumatically controlled 3D Bioplotter system (EnvisionTEC). A 50 mL EFD
syringe (Nordson Corp.) was loaded with 1 % (w/v) ALG or GG solutions and placed in
the printing module. The Ramé-Hart coaxial needle was then affixed to the free end of
the syringe and the syringe pump and lines were attached as with the prototype handheld system (Section 2.4.1). A 5 mL Leur-lock syringe containing 1 M CaCl2 was
inserted into the syringe pump and the lines were manually primed. Rectangular and
tubular test structures designed in SolidWorks were transferred to the bioplotter and
sliced to 380 µm layer heights. Printing was conducted at a pressure of 0.3 Bar and head
speed of 17.5 mm/sec with an interline spacing of 500 µm. Cross-linker was delivered at
a flow rate of 50 µL/min, and manually initiated to coincide with the automated delivery
of biopolymer.

2.4.3 Fully Hand-Held Device
Following initial studies, the hand-held printing prototype was developed into three
distinct printing systems. Fully hand-held printing was achieved by combining flows
from two syringes with 1:10 ratio of internal diameter, being 10 mL Harpool Luer-lock
(BD Scientific) and 1 mL Tuberculin Luer-slip (Terumo) syringes. The syringes were
connected to a common output at the Ramé-Hart coaxial needle with the aid of silicone
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tubing (Cole-Pamer) and Luer connectors (John Morris). SolidWorks 2015 computer
aided design (CAD) software (Dassalt Systems) was used to design housing and syringe
linking elements to lock syringes together. Parts were then printed in acrylonitrile
butadiene styrene (ABS) thermoplastic using the UP Plus (3D Printing Systems) and
uPrint Plus (Stratasys) 3D printers. Prior to use, ALG or GG solutions (0.5–1 % (w/v))
were drawn into the 10 mL syringe and CaCl2 (0.5–1 M) into the 1 mL syringe, which
were then connected to the coaxial needle’s inner and outer ports, respectively, followed
by manual priming of lines. The two syringes were then joined with the ABS locking
element, after which depression of either syringe would yield solid hydrogel deposition.

2.4.4 Syringe Pump Assisted Device
Syringe pump assisted hand printing was conducted with the aid of a dual barrel, screwdriven syringe pump (Legardo 180, KD Scientific Inc). Two syringes with a 1:10 ratio of
internal diameters were placed into the syringe pump and then connected to the
customised Luer-locking coaxial needle tip (Ramé-Hart, Dint = 200 µm, Dout = 1 mm) by
two 45 cm lines of silicon tubing and Luer-locking connectors. Lines were manually
primed, with delivery controlled automatically thereafter. Flow rates were adjusted as
required, but printing was most often conducted at a flow rate of 0.1 mL/min.

2.4.5 Fully Automated Device
Fully automated printing was achieved by modifying a dual material printer reported in
Bakarich et al. [331] and Mire et al. [332]. Briefly, 5 mL Harpool syringes loaded with
CaCl2 and biopolymer were placed in a custom housing designed in SolidWorks and
printed in ABS plastic using the uPrint 3D printer. Syringe plungers were removed and
replaced with flat caps, the motion of which was controlled by two T-NA08A50-KT03U
linear actuators (Zaber Technologies). To enable reactive bioprinting, the fluidic
elements described by Bakarich et al. were replaced with the coaxial print tip and silicon
tubing line, described for fully hand-held bioprinting. The system was affixed to a 3-axis
Sherline 820 CNC stage, with motion controlled using the manufacturer’s provided
programming (LinuxCNC EMC2). The Zaber actuators were set to deliver CaCl2 and
biopolymer solutions in a 1:10 ratio using custom programming developed in C# using
Visual Studio 12.0 (Microsoft Corp.). Printing was conducted at a jog speed of 480
mm/min, at a fluid deposition rate of 22 µL/min.

2.4.6 Line Draw Testing
The quality and reproducibility of prints from the three systems was assessed by image
analysis of a triple line pattern. A reliable precursor formulation, 1 % (w/v) GG with 1 M
CaCl2, was loaded into each of the three printers and patterned into three parallel lines of
1 mm line width, 5 mm inter-line spacing and ~40 mm lengths, replicated over 5 glass
slides. The resulting lines were imaged using a Leica Z16 APO macroscope and DFC290
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camera, and measured using in-built analysis software. Line width and mid-point
wandering was measured for 15 evenly distributed points along each line, with inter-line
spacing measured for 5 points between each adjacent line-pair.

2.4.7 ICE Gel Printing
A 0.5 % (w/v) solution of gellan gum (GG) was supplemented with 0.875 % (w/v)
porcine gelatin (Sigma, SLBK6158V) and mixed at 70 ˚C. The gelatin cross-linking
species genipin (98 %, Challenge Bioproducts Co.) was added at 0.22 % (w/v) (25 % w/w
gelatin) and mixed for 3 min. This gelatin-gellan gum-genipin (G 3) solution was then
transferred to a 10 mL Luer-lock syringe (Harpool) and printed in a 10:1 ratio with 500
mM CaCl2 using the syringe assisted hand-held printing device (Section 2.4.4). Cast ICE
gels were formed by adding CaCl2 to the hot G 3 ICE mixture to a final concentration of
50 mM, followed by immediately transferring the solution to prepared moulds. All ICE
gels were allowed to fully cure at 21 ˚C for at least 24 h prior to testing.

2.4.8 Formation of Conductive Gels
Conductive gels were formed using a salt-soaking method reported by Keller et al. [333].
G 3 ICE gels were cast (Section 2.2.13) or printed as per the previous section, with RVC
electrodes integrated into the gel during printing to act as connection points. Once set,
gels were submerged into a saturated (~6.2 M) solution of NaCl (Sigma, MKB9892V)
and allowed to equilibrate for 24 h. Salt-enriched gels were then removed from the salt
bath, washed with a small volume of H2O, and blotted dry using filter paper.
Demonstration gels were printed in Petri dishes so as to connect RVC electrodes and
one or more light emitting diodes (LEDs) with conductive gel. Once formed and saltenriched, current was passed through these gels by connecting the RVC electrodes to an
external power source providing 1–10 V AC.

2.4.9 Printed Gel Testing
Printed gels intended for analytical studies were formed using the syringe-pump assisted
hand-held device and printed into moulds to accurately control size and geometry
Printed gels intended for mechanical testing were formed using cylindrical PVC moulds,
with compression and rheology testing being conducted in line with the protocols
described in Sections 2.1.4.3 and 2.1.4.4. Conductive gels intended for impedance
testing were set in linear moulds of varying lengths by the methods of Warren et al.
[322], as described in Section 2.1.4.5. Gels intended for SEM imaging were printed as 5
mm diameter cylinders and then transferred into brass mounting plates, cryosectioned
and imaged using the method outlined in Section 2.1.4.6.
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2.4.10 BSA Diffusion
Diffusion of solute into and out of the printed gels was characterized by using a similar
method to that applied by Li et al. [334]. Six hydrogels of GG and GG-RGD were either
printed or cast as 1 cm x 0.5 cm diameter cylindrical hydrogels and allowed to fully cure
for 12 h. Once formed, the hydrogels were soaked in solutions containing fluorescently
labelled bovine serum albumin (FITC-BSA, Sigma) over 2 days at 37 ˚C, protected from
light. During soaking, samples of the FITC-BSA solution were taken after 1, 2, 3, 4, 8,
24 and 48 h and the intensities of solution fluorescence were determined using a plate
reader (Fluostar Omega, BMG Labtech). Also during soaking, two gels from each
condition set were removed, sliced centrally with a scalpel and viewed under a Leica SP5
confocal microscope to visualise the extent of BSA penetration. Once fully equilibrated,
gels were transferred into fresh PBS and the fluorescence levels were monitored at
regular intervals as the FITC-BSA diffused from the gel. Concentrations of FITC-BSA
for each time point were calculated by interpolating from a standard curve. Diffusion
coefficients of FITC-BSA in GG and RGD-GG cylindrical gels were then determined by
fitting obtained data to a nonlinear regression model, as reported in Li [334], and
described by Crank [335]. The migration of BSA was additionally modelled by Mr.
Aaron Waters (University of Wollongong) using the Transport of Diluted Species
interface within the COMSOL Multiphysics simulation program, applying the
experimentally determined diffusion coefficients to produce a finite element model of
the diffusion process. Mixing events were simulated by a transient increase in the
diffusivity of the water domain.

2.4.11 Animal Source and Ethics Information
All animal work was approved and performed in accordance with the Animal Ethics
Committee (AEC, #13/04), University of Wollongong. Animal handling, animal
sacrificing and tissue isolation procedures were performed by Rodrigo Lozano (UOW).

2.4.12 Primary Cell Isolation
Primary cortical neurons were harvested from E18 embryos of BALB/cArcAusb mice
obtained from Australian BioResources. After the brain was exposed, the meninges of
the frontal cortex region of the lateral ventricles were removed and the tissue was
collected and digested with collagenase (Sigma) for 10 min at 37 ºC. The reaction was
inhibited by the addition of foetal bovine serum (FBS), and the digested tissue was
mechanically dissociated with a pipette and then filtered through a 70 µm cell strainer
(BD Falcon, USA). After centrifugation at 1200 rpm for 10 min, cells were resuspended
at a density of 2x106 cells/mL in neurobasal media (Gibco), with 1 % L-glutamine
(Sigma), 2 % B27 neural supplement (Gibco) and 1 % penicillin/streptomycin (Sigma)
(Complete Neurobasal). The 2D control cells were seeded on PDL/laminin-coated glass
coverslips at 50,000 cell/cm² and incubated in a humidified atmosphere at 37 ˚C with 5
% CO2. A 50 % media change was performed on the cultured cells every 48 h.
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2.4.13 Encapsulation and Culture
Primary neural cells were encapsulated in RGD-GG hydrogels cross-linked with either 5x
DMEM or 1 M CaCl2. RGD-GG synthesised as per Section 2.2.5 was dissolved in MilliQ H2O to a variety of polymer loadings, most commonly 1 % (w/v). Both cross-linking
and polymer solutions were sterilised by passing through 0.2 µm filters (Millipore), and
then warmed to 37 ˚C in a water bath. Cell suspensions, isolated as per Section 2.1.5
were mixed in a 1:1 ratio with RGD-GG solutions to obtain a final cell concentration of
1x106 cells/mL and a final RGD-GG concentration of 0.5 % (w/v). For cast gels, 50 µl of
cells in RGD-GG were directly pipetted into a 6 well plate and then cross-linked by the
addition of a 5 µl drop of the cross-linker solution (5x DMEM or 1 M CaCl2). For
printed gels, the cell suspension was instead drawn up into a sterile 5 mL Norm-Ject
syringe (Henke Sass Wolf) and connected to the Ramé-Hart coaxial print head that had
been previously sterilised by liberal spraying and drying from 70 % ethanol. Gels were
then reactively printed into 6-well plates, cross-linking with a sterile 1 M CaCl2 solution
that was delivered from a syringe pump as per the methods of Section 2.4.1. Once
formed, both cast and printed gels were transferred to an incubator for 3-5 min to fully
cure. Finally, gels were covered with 1 mL of Complete Neurobasal media, returned to
the incubator and thereafter cultured following standard protocols (Section 2.1.5).

2.4.14 Immunostaining
Immunostaining of primary neural cultures was conducted using similar methods to
those of PC12 cells (Section 2.1.5). Primary tissues were immunostained with mouse
anti-ß-III tubulin (Covance) to target cortical neural cells, rabbit anti-GFAP (Millipore)
to target glial cells, as well as DAPI (Molecular Probes) to identify cell nuclei. Prior to
immunostaining PBS solutions used for washing and staining were supplemented by 5
mM CaCl2, and then passed through a 0.22 µm filter to resterilise and remove solid
precipitate. Encapsulated cortical cells were fixed in 4 % (w/v) paraformaldehyde for 30
mins, followed by a wash in PBS. Gels were then treated for 2 h with a combined
blocking and permeablisation solution containing 0.3 % Triton X-100 and 10 % (v/v)
donkey serum in PBS. After three 15 min washes with PBS, gels were treated for 16 h at
4 ˚C with the primary antibody solutions of mouse anti-ß-III tubulin and rabbit antiGFAP, diluted 1:1000 in PBS containing 10 % donkey serum. After three additional 15minute washes with PBS, culture plates were protected from light by wrapping in
aluminium foil, and then gels were covered with secondary antibody solutions
containing Alexa Fluor-488 donkey anti-mouse antibody (Invitrogen) and Alexa Fluor594 goat anti-rabbit antibody (Invitrogen) in PBS with 10 % (v/v) donkey serum.
Following 3 h of incubation with secondary antibodies, DAPI was added at 1:500 to the
solution and gels were incubated for a further 30 mins. Finally, gels were washed three
times with PBS and refrigerated at 4 ˚C until required for imaging. Imaging of brain
tissues was conducted using confocal microscopy on a Leica TSC SP5 II Confocal
microscope.
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2.5 Specific Methods - Chapter 6: Structured Nerve Guides
2.5.1 General Spinning Equipment
Wet-spinning of hydrogel fibers was performed using either Legardo 180 syringe pumps
(KD Scientific Inc.) or a Gemini 88 dual material syringe pump (KD Scientific Inc.).
Spinning solutions were drawn into Luer-lock syringes, which were then connected to
spinnerets using silicon tubing (Cole-Parmer) and Luer connectors (John Morris). A
bath was formed from a sheet of 2 mm thick stainless steel by cutting and bending the
sheet into a rectangular prism of 750 mm length, 25 mm width and 25 mm depth, and
welding around the edges. Hydrogel fibers were generally formed at room temperature
from 1–2 % (w/v) GG or ALG spinning solutions in coagulation baths of 100–200 mM
CaCl2. For visual contrast during development stages, spinning solutions were also dyed
(Queen Fine Foods). Flow rates varied depending on spinnerets in use, but were typically
of the order of 1–10 mL/min. During spinning, fibers were manually drawn from the
spinneret using stainless steel tweezers, washed with H2O, and transferred to a Petri dish
or cell culture well before being covered with additional CaCl2 solution.

2.5.2 Spinnerets
Most wet-spinning was performed with the aid of stainless steel spinnerets custom
ordered from Ramé-Hart. Other spinnerets including tapered glass dies for initial multilumenal fibers and bare silicon tubing for gradient fibers will be described in the
appendix to this thesis (Chapter 8). The metal spinnerets were constructed from between
two to six individual stainless steel needles, with needle gauges ranging from 12 to 27.
The geometry, needle diameters and distributions varied between applications, and each
are shown in Figure 2.7 below. In all cases, the spinneret outlet port included a set of
small needles encapsulated within a single larger needle. These needles were fed from
either 2 or 3 distinct Luer-locking inlet ports, with the large encompassing needle being
used to deliver polysaccharide solutions (Figure 2.7: E) whilst the smaller central needles
exuded cross-linker or secondary biopolymer solutions as lumen forming materials.
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Figure 2.7: Ramé-Hart Spinnerets: Outlets of the Ramé-Hart stainless steel spinnerets containing one
(A1, A2), four (B1, B2), or five (C1, C2, D1, D2) nested outlets. (E) A schematic cross-section of the
coaxial spinneret as it would appear during the formation of a hydrogel fiber with a hollow (CaCl2) lumen.
(F) Spinneret needle gauges and measured diameters of their external and internal walls (in mm).
Spinnerets were fed from either two (A-C) or three (D) individual Luer-lock inlets, enabling the
simultaneous delivery of polysaccharides, cross-linkers and protein.

2.5.3 Cell Encapsulation
For cell encapsulation studies, spinnerets, coagulation baths and other metal parts were
autoclaved prior to use. Polymer and cross-linker solutions were sterilised by passing
through a 0.22 µm filter (Millex GP) and then held at 37 ˚C in a water bath until
required, except collagen, which was obtained sterile and stored at 4 ˚C until required.
Syringe pumps and other non-autoclavable equipment were sterilised by liberal spraying
and drying from 70 % ethanol. All equipment was then transferred to a UV-sterilised
BSC, in which spinning was performed as per the general method. PC12 cells were
trypsinised, resuspended and counted by the protocols reported in Section 2.1.5.7.
Acellular solutions for spinning, generally the polysaccharide solutions, were prepared
first and transferred to the syringe pump in advance of cell-laden components. The cell
suspension was then mixed into its respective spinning solution to a final cell density of
0.5–1x106 cells/mL. Cell-laden spinning solutions were drawn into a sterile 5 mL NormJect syringe (Henke Sass Wolf), and fibers were spun immediately. Once spun, cellladen fibers were transferred to Cellstar 6-well plates (Interpath Services), covered with
DM and transferred to an incubator (37 ˚C, 5 % CO2). Cell culture and staining was
performed in line with the standard protocols reported in Section 2.1.5.10.
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2.5.4 Coaxial Spinning
Coaxial fibers were formed with the coaxial spinneret (Figure 2.7: A), delivering ALG or
GG sheaths, and inner cores of collagen, gelatin or CaCl2 (hollow fibers). Spinning
solutions were prepared as described in Section 2.1.4.1, with polysaccharide solutions
prepared at 1–2 % (w/v), CaCl2 at 1 M, gelatin at 5 % (w/v), and collagen solutions
being those isolated as per Section 2.2.6. Spinning solutions were drawn into syringes,
placed into syringe pumps and then connected to the coaxial spinneret via lines of
silicon tubing. Once connected and primed, the spinneret was positioned within the
stainless steel coagulation bath using a retort stand and steel clamps, and the bath was
filled with 200 mM CaCl2. For hollow coaxial fibers, ALG and GG solutions were
extruded at 2 mL/min around lumens formed by a 0.25 mL/min flow of 1 M CaCl2. For
gelatin-filled fibers, the CaCl2 solution was replaced with 5 % (w/v) gelatin that was
warmed to 45 ˚C prior to spinning. For collagen-filled fibers, CaCl2 was replaced with
solutions of 80:20 collagen:5x DMEM, and spun at room temperature.

2.5.5 Multi-Lumenal Spinning
Early attempts to form multi-lumenal hydrogel fibers were performed using tapered
glass die spinnerets. Glass tapers were obtained from Dr. Ebendorff-Heidepriem
(University of Adelaide) as transition pieces from the drawing of internally structured
optic fibers by their published methods [336, 337]. A syringe containing 1 M CaCl2 was
attached to the glass spinneret using silicon tubing. 5 mm diameter silicon tubing was
then placed into a bath of 1 % (w/v) GG that had been supplemented with green food
colouring (Queen) for visualisation. The spinneret was placed at the bottom of these
moulds and CaCl2 solution was extruded as the spinneret was manually lifted. Once
formed, hydrogel fibers were manually removed from the silicon moulds and visualised
under a Leica Z16 APO macroscope.

Later multi-lumenal fibers were formed using Ramé-Hart stainless steel spinnerets of
both the four and five lumen designs (Figure 2.7: B, C). Outer sheaths of GG and ALG
were spun at flow rates of 10 mL/min. Hollow channels were formed by flowing 1 M
CaCl2 at a rate of 0.4 mL/min. Fibers were formed in a bath containing 200 mM CaCl2,
washed with H2O and finally transferred to individual Petri dishes containing 100 mM
CaCl2.

2.5.6 Gradient Spinning
Fibers with longitudinal material gradients were spun using two Legardo 180 syringe
pumps (KD Scientific Inc.) that communicated via the manufacturer’s cabling. GG and
ALG solutions were prepared at 1 % (w/v) and half of each polymer solution was then
coloured with food dye before all solutions were drawn into individual 10 mL Harpool
Luer-lock syringes. These syringes were loaded two at a time into the two syringe pumps,
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and then connected to a common outlet via silicon tubing and a Y-junction piece (EFD
Nordson). In later experiments, this set up was augmented with a chaotic mixing
element (EFD Nordson) after the Y-junction to better combine the input solutions
(Figure 2.8: A). In both cases, the combined outlet was submerged in a coagulation bath
containing 200 mM CaCl2, and fibers were drawn from the spinneret with tweezers. The
flow rates from each pump were programmed to ramp in opposite directions (i.e. from
0–100 % vs 100–0 %), such that the total polysaccharide flow rate remained a constant 3
mL/min throughout the spinning process. One pump was designated as the master,
generating flow at 100 % for 5 secs before triggering both pumps to ramp flows over a
further five seconds. The secondary pump would then deliver at 100 % flow rate for the
final 5 secs of delivery (Figure 2.8: B).

Figure 2.8: Gradient Wet-Spinning: (A) Schematic of gradient spinning system in which two syringe
pumps delivered biopolymer solutions to a common outlet via a Y-junction element. (B) Syringe pumps
were programmed to ramp flow rates in opposite directions to maintain a constant outlet from the Yjunction. (C1–C3) The assembled system (C1), Y-junction (C2) and chaotic mixing element (C3).

2.5.7 Pultrusion
The encapsulation of preformed conductive wires into wet-spun hydrogels was
performed using the pultrusion method developed by Schirmer et al. [338] (Figure 2.9:
A1, A2). Prior to spinning, conductive fiber holders (Figure 2.9: B1, B2) were designed
to fit the coagulation bath, and then fabricated from titanium 6-4 powder using a SLM50 metal printing system (Realizer). 50 µm and 150 µm diameter wires of 316-stainless
steel were obtained from Good Fellow (England) and used alongside reduced LCGO
fibers prepared as per Section 2.3.10. The conductive fibers were threaded through either
the coaxial or four-lumenal spinneret heads (Ramé-Hart). The threaded spinnerets were
then transferred to the stainless steel bath, and the loose ends of the conductive wires
were passed through two stainless steel filament holders and then affixed to the outer
wall of the bath using autoclave tape (Figure 2.9: C). The fiber-bath assembly was
sterilised by autoclaving, along with scissors, tweezers and two glass dishes. Other
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components of the fiber spinning assembly, including the aluminium base plate and
scaffold structure, Cool Muscle RCM1 single axis stage (Muscle Corporation), cables and
syringe pump were transferred to a BSC and decontaminated using 70 % ethanol. The
sterile coagulation bath and threaded spinneret were transferred into the BSC and placed
onto the single axis stage. Spinning solutions were prepared and sterilised as per Section
2.1.4.1, and drawn into syringes. Biopolymers were delivered from a syringe pump
attached directly to the aluminium frame, which was positioned such that the spinneret
sat within the stainless steel bath when attached directly to the syringe. The preformed
fibers were pulled gently to straighten, and secured under light tension with additional
autoclave tape. The stainless steel bath was filled with a 200 mM CaCl2 solution, and
biopolymer extrusion was initiated at a rate of 10 mL/min. After 2-3 secs of extrusion,
the bath movement was initiated by running the Cool Muscle single axis stage using
Cool Works Lite 4.1.4. (Myostat Motion Control Inc) software. After a full bath length
of fibers had been generated, fibers were cut with the sterile scissors, collected with
tweezers and washed in a glass dish containing sterile H2O. Finally, fibers were
transferred into receiving wells and covered with additional CaCl2 solution (acellular
fibers) or differentiation media (cell-laden fibers).

Figure 2.9: Pultrusion: (A1, A2) Schematic diagrams of the assembled system (A1) and detail of the
spinneret (A2) used for the formation of hydrogel fibers with encapsulated wires. (B1, B2) Visual render
(B1) and engineering diagram (B2) of the titanium fiber holder employed during wet spinning. (C) The
coagulation bath, spinneret and threaded graphene fibers prior to autoclaving.
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2.5.8 Collagen Backfilling
A number of hydrogel fibers were filled with collagen and PC12 cells using a backfilling
approach. Fibers were first spun with encapsulated 50 µm or 150 µm stainless steel
filaments using the methods described above (Section 2.5.7). After hydrogel fibers had
been fully formed and set in their secondary baths, a solution was formed from collagen,
NaOH, 5x DMEM and PC12 cells as described in Section 2.5.4. Immediately after
mixing, the collagen solution was transferred to a sterile Petri dish along with the
stainless steel-laden hydrogel fibers. Whilst submerged in liquid collagen, the stainless
steel filaments were withdrawn from the fibers using sterilised tweezers. The ends of each
fiber were then crimped with tweezers before the fiber was washed with sterile H2O and
returned to its culture plate or CaCl2 bath.

2.5.9 Fiber SEM
Electron micrographs of wet-spun hydrogel fibers were obtained using the cryosectioning method described in Section 2.1.4.6. For fibers with encapsulated stainless
steel, the steel filaments were manually removed with tweezers prior to cryo-sectioning.
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Chapter 3:

CELL SUPPORT MATERIALS

T

he fabrication of a new peripheral nerve guide is predicated on the availability of
processable biomaterials able to support neural cells, enhance axonal regeneration
.
and withstand the rigors of fabrication, surgery and in vivo conditions. This
chapter focuses on the exploration, development and refinement of several cellscaffold materials with potential for application across the various layers of a multifunctional PNG.
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3.1 Gellan Gum

Gellan gum (GG) is an anionic polysaccharide with several features that make it
attractive as a tissue engineering biomaterial. As part of developing a research scope for
this thesis, we reviewed the current state of research into GG tissue engineering [229],
finding reports of GG applied to the regeneration of cartilage [339-343], vascularised
skin [344], bone [345-350] and CNS neural tissues [232, 351, 352]. However, we found
no reports that assessed the potential of GG in peripheral nerve guide applications. This
section describes our initial assessments of GG for the purpose of processing it as a
component of a multifunctional peripheral nerve guide.

3.1.1 Solution Processing
The homogeneity, stability and rheological behaviour of GG dispersions are all
important factors that define how GG may be reliably processed. Monitoring the
formation and physical behaviours of GG solutions was therefore an important first step
in applying the material for PNG fabrication. Whilst dispersed GG is transparent to
visible light, the polysaccharide has been previously reported to induce significant
differential absorbance of circularly polarised UV light [323, 324, 353]. Moreover, these
absorbance peaks shift in both magnitude and wavelength when the polysaccharide
transitions between its high temperature ‘random coil’, and low temperature ‘helix’
states. This transition is a key driver of the gelation of GG [354], as the helix state may
be stabilised and cross-linked by salts, particularly divalent cations [224, 226]. Circular
dichroism (CD) is a spectroscopy technique that allows for the direct measurement of a
material’s differential absorbance of polarised light, and therefore provides a means of
characterising both the concentration of GG in solution as well as its sol-gel transition
state. For this reason, CD spectroscopy was employed to monitor several aspects of the
formation and solution behaviours of GG dispersions.

To assess solution formation time, as-received powders of low-acyl gellan gum were
submerged in preheated (60 ˚C) Milli-Q H2O to a loading of 1 % (w/v), with the aid of
magnetic stirring. To confirm the timeframe required for complete hydration of the
polymer chains, aliquots of these solutions were withdrawn at regular intervals and then
passed through a 0.22 µm filter to remove any undissolved aggregates. Once collected,
these aliquots were assessed for optical rotation at 50 ˚C, between 195–250 nm. The
resulting CD spectra (Figure 3.1: A) closely matched those previously reported for GG
and captured the rotation maxima at ~201 nm and minima at ~217 nm. Monitoring
the development of the 201 nm peak against dispersion time (Figure 3.1: A-insert)
provided a measure of the completeness of dissolution of the GG polysaccharide during
mixing. From this data, it was apparent that the optical rotation rates stabilised after 20–
30 minutes of mixing, indicating that such periods were sufficient to completely disperse
the GG polymer. Mixing beyond 30 mins provided minimal improvements or
degradation of this peak, even after prolonged mixing (20 h). Collectively these
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observations were taken to indicate that any period of mixing ≥ 30 mins result in fullydispersed GG, and that the polysaccharide could tolerate prolonged exposure to
temperatures of 60 ˚C with minimal degradation.

Figure 3.1: Formation of GG Solutions: (A) Overlayed circular dichroism (CD) spectra of GG solutions
after 0–1200 minutes of mixing with 60 ˚C Milli-Q H2O. Insert: The recorded optical rotation for the
peak at 201 nm for each time point. (B) A fully dispersed GG solution.

3.1.2 Sol-Gel Transition
The thermally-mediated transition from random coil to helix state is a key mediator in
the gelation of GG. To identify the temperature at which this transition occurs for our
material, CD spectra were run for samples of 0.5 % (w/v) GG as it was heated in 5 ˚C
increments between 10 ˚C and 50 ˚C. An overlay of these spectra (Figure 3.2: A)
demonstrated a clear shift in both the intensity and position of the optical rotation peak,
from a predominately negative CD signal centred on 207 nm in the cold (helix) state, to
a strongly positive rotation at 201 nm in the hot (random coil) state. Tracking the
intensity of the optical rotation peak at 201 nm throughout the heating process (Figure
3.2: B) revealed that this transition occurred sharply after 20 ˚C, reaching a maximum
around 25 ˚C, before steadily tapering lower thereafter. Such melt curves are in line with
those previously reported [323, 324, 353] and indicate that GG dispersed in Milli-Q H2O
adopted a primarily random coil state at temperatures above 25 ˚C.

Numerous previous reports demonstrate that the inclusion of divalent cations in
solution with GG greatly stabilises the helix state, leading to the formation of
thermostable junction zones containing numerous ionically cross-linked GG helices
[224]. Following protocols previously established within our research group, 1 % (w/v)
solutions of GG were heated above the sol-gel transition temperature and supplemented
with 5–10 mM Ca2+ ions before being allowed to cool. This process was confirmed to
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enable the formation of a thermostable hydrogel, pictured in Figure 3.2: C1, C2. This
general process was employed to cast GG hydrogels into a variety of moulds for physical
and biological testing. More complex fabrication processes aimed at the fabrication of
PNG structures, including reactive printing and wet-spinning, will be discussed in later
chapters.

Figure 3.2: Sol-Gel State Change in Dispersed Gellan Gum: (A) Circular dichroism spectra of a 0.5 %
(w/v) solution of gellan gum at temperatures between 10 ˚C and 50 ˚C. (B) The optical rotation at 201 nm
during the heating of 0.5 % (w/v) GG from 10 ˚C to 50 ˚C. (C1, C2) Images illustrating the drastically
altered viscosity of calcium supplemented GG solutions above (C1, 50 ˚C) and below (C2, 15 ˚C) the solgel transition temperature.

3.1.3 Mechanical Properties
Hydrogels formed by casting solutions of 0.5 %, 1 % and 2 % (w/v) GG and 10 mM
CaCl2 into cylindrical moulds were tested for their mechanical properties under both
compression (Figure 3.3: A) and shear (Figure 3.3: B). In line with previous reports [339,
355], water swollen gellan gum networks undergo a rapid, brittle fracture following
compression to ~50 % of their original height across all samples. The elastic modulus and
ultimate strength of GG hydrogels was positively correlated with the polymer loading,
such that 2 % (w/v) GG hydrogels presented the highest modulus (229 ± 38 kPa) and
strength (52.9 ± 7.7 kPa) of the tested concentrations. Notably, these strength and
modulus values are not absolute because polymer networks, including hydrogels, are
known to exhibit non-Newtonian mechanical behaviours whereby the apparent physical
properties of the materials vary depending on the applied rate of strain [356]. Oscillatory
shear measurements (Figure 3.3: B) were conducted to explore this effect for the GG
hydrogel systems. Using this technique, complex shear modulus may be separated into
its elastic ‘storage modulus’ (G’) and viscous ‘loss modulus’ (G”) components. Sweeping
a broad range of shear rates by progressively increasing shear strain at a constant
frequency revealed a finite ‘linear viscoelastic’ (LVE) region in which the storage and loss
moduli were invariant with strain. In all cases, the LVE region of GG hydrogels was
characterised by a dominant G’, indicating that the network was responding elastically
to the applied strain. At the end of this LVE region, a rapid rise in G” and progressive
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loss of G’ indicated that the network was transitioning from elastic solid to flowable
liquid. The end of the LVE, therefore, represents the maximum shear strain that could be
reversibly applied to the material. Interestingly, the onset of the irreversible region was
found to be lowest in GG hydrogels with high polymer loadings, likely due to the
formation of a more rigid network in those systems. Complex shear modulus was
positively correlated with polymer loading, with 2 % (w/v) GG recording the highest
storage (44.5 ± 2.9) and loss (2.5 ± 0.58) moduli of the tested hydrogels.

Figure 3.3: Mechanical Properties of Gellan Gum Hydrogels: Typical plots recorded for 1 % (w/v) GG
hydrogels under linear compression (A) and oscillatory shear (B) at 37˚C. (C) Summarised mechanical
properties for GG hydrogels at three polymer loadings. Error bars represent ±1 S.D.

Overall, the observed mechanical properties of GG hydrogels in compression and shear
were in line with numerous previous reports on the mechanics of water swollen
polysaccharide hydrogels [357]. Whilst these levels of strength and flexibility are
sufficient for the fabrication of freestanding GG hydrogels, they are not ideal for neural
tissue engineering for two major reasons. Firstly, GG hydrogels are weaker than human
tissue, being subject to brittle fracture at ultimate strengths of 20–50 kPa, compared to
the 10 MPa achieved by human peripheral nerves [358]. Attempts to bridge this gap by
toughening GG hydrogels through an ionic-covalent networking approach will be
described in the appendix (Chapter 8). Secondly, neural tissues possess elastic moduli in
the order of 0.1–1 kPa, and neural cell cultures have been reported to favour softer
scaffolds with elastic moduli that match their natural ECM environment [359]. The
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compressive elastic moduli recorded for the softest GG hydrogel (106 ± 41 kPa for 0.5 %
(w/v) GG) is still several orders of magnitude higher than that of nerve tissue [360].
Tailoring GG hydrogels to possess lower elastic moduli without a substantial loss of
mechanical strength is challenging, however efforts to improve the suitability of GG
hydrogels for neural tissue are reported in Chapter 5 (Section 5.3.3). In summary, whilst
it is still attractive to leverage the excellent processability of GG for tissue engineering,
several improvements to GG’s mechanical properties would optimally be achieved prior
to its implementation in PNGs.

3.1.4 Sterilisation
The application of GG in tissue engineering is predicated on the ability to reliably
sterilise GG solutions and hydrogels, however common sterilisation practices including
autoclaving and microfiltration have previously been shown to damage sensitive
biomaterials and long chain polymers [361, 362]. To identify an appropriate sterilisation
regime for GG, solutions of 1 % (w/v) GG were treated with two distinct sterilisation
processes, autoclaving and microfiltration, as well as antibiotic supplementation with
penicillin and streptomycin (PenStrep), all of which were assessed alongside nonsterilised controls. Visually comparing GG solutions after these processes had been
applied, it was noted that filtered and autoclaved solutions possessed a slightly higher
optical clarity than either control solutions or those supplemented with PenStrep (Figure
3.4: A). The cloudiness in control samples was attributed to the presence of undispersed
aggregates of the GG polymer, which were either removed by microfiltration, or driven
completely into solution by the elevated temperatures applied during autoclaving. The
addition of PenStrep was noted to induce the formation of a small translucent mass at
the site of contact with the GG solution, presumed to be a GG hydrogel formed by ionic
components in the PenStrep formulation. Although this gel was largely dispersed during
the additional period of mixing at 70 ˚C, it is notable that both penicillin (carboxylated)
and streptomycin (aminated) are ionic species, and their addition to GG will alter the
ionic conditions of the solution.

A portion of each GG solution was assessed for fluid flow properties under oscillatory
shear, sweeping strain rates between 0.1–1000 Hz (Figure 3.4: B). From this data is was
apparent that autoclaving induced a significant change in the rheological behaviour of
the GG solution. Specifically, autoclaved solutions exhibited apparent viscosities of
around 0.1 Pa.S, being approximately 30 times lower than those observed for control
solutions at low shear rates. Although we found no reports of the effects of sterilisation
on GG specifically, previous studies focused on other polysaccharide materials including
alginate and pectin have shown autoclaving to be detrimental to their mechanical and
rheological properties [361, 362]. In most reports, these changes were attributed to a
breakdown of the polymer induced by the high temperatures used for autoclaving. In
this manner, autoclaving effectively reduces the average molecular weight of the
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dispersed polymer, an impact that would be consistent with significantly reduced
apparent viscosities observed in GG. Whilst further confirmation is required, this appears
to be the likely cause of the observed shift in GG’s fluid rheology.

As well as the reduction in viscosity in autoclaved samples, more modest impacts were
noted in PenStrep-supplemented and filtered samples. PenStrep supplemented GG
exhibited a slight increase in viscosity over control solutions, particularly at low shear
rates, attributed to the PenStrep solution elevating ion concentrations in solution.
Filtered GG solutions exhibited apparent viscosity profiles that were marginally lower
than those determined for control samples, potentially due to the removal of the small
quantity of partially dispersed GG aggregates. These changes to rheology in filtered and
PenStrep supplemented GG were modest compared to those induced by autoclaving.

Figure 3.4: Impacts of Sterilisation on the Physical Properties of Gellan Gum: (A) Solutions of 1 % (w/v)
GG after (left to right) no sterilisation, PenStrep supplementation, microfiltration and autoclaving. (B)
Apparent viscosity of liquid GG samples at 21 ˚C across a range of applied shear rates. (C1, C2) Shear
rheology of hydrogels cast from a 1:1 mixture of the sterilised GG solutions and calcium-supplemented
cell culture media. Shear storage (G’, C1) and loss (C2, G”) moduli were plotted separately for clarity. (D)
Summary of the rheological properties determined for control, PenStep-supplemented, and sterilised GG.
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To characterise the impacts of sterilisation on the rheology of GG hydrogels, 50 mL of
each GG solution was heated to 70 ˚C and mixed 1:1 with DMEM which had been
supplemented with 10 mM Ca2+, before being cast into PVC moulds. After conditioning
overnight at 4 ˚C, each gel was returned to 21 ˚C, transferred to the rheometer and
tested under oscillatory shear, sweeping shear strains between 0.01–100 % (Figure 3.4:
C1, C2). The observed trends for hydrogel rheology were broadly similar to those
reported for the fluid state. The most notable departure from the trends observed for
fluid state was the elevated LVE shear storage modulus of filtered GG (5.33 ± 0.97 kPa)
compared with controls (3.84 ± 0.76 kPa). Filtered gels also exhibited lower damping
factors (G”/G’), indicating that hydrogels formed from filtered GG behaved more
elastically, and were proportionally more solid than those formed from untreated GG.
Both of these impacts were likely due to the removal of GG aggregates by filtration, as
such aggregates have the potential to reduce the homogeneity of the formed hydrogel
network, leading to a relatively less stable hydrogel and more viscous flow response.

As with flow testing, autoclaved samples again provided the least resistance to applied
stains, however the difference between autoclaved samples and the three other
conditions was less in cast hydrogels than in GG solutions. The improved homogeneity
of the GG dispersion, evident through higher optical clarity, may help to counterbalance
the detrimental impacts of reduced MW. Alternatively, the suspected reduction in
molecular weight of GG chains following autoclaving could simply be less of an impact
on the hardness of cross-linked hydrogels than on the viscosity of non-cross-linked
dispersions. Notably, autoclaved samples did suffer from a breakdown of the LVE region
at lower shear strains than the other gels, indicating that the gels could not tolerate as
much stretching before irreversible network damage occurred. Such an effect is
consistent with the previously discussed shortening of GG chains, which would provide
lower capacity for stretching of the polymer network, and lead to an earlier onset of
irreversible network damage manifested in the shift of the LVE endpoint to lower shear
strain. Viewing these results in combination with flow testing and literature reports, it is
considered likely that autoclaving drives a reduction in the average MW of GG,
manifesting in lower apparent viscosity, shear modulus and ductility.

Defining an appropriate sterilisation regime for GG also requires confirmation that the
applied methods effectively inhibit the growth of micro-organisms. The casting solutions
employed for the formation of hydrogels for mechanical testing were also used to cast
three additional gels in sterile Petri dishes. The Petri dishes were then sealed, and gels
were stored for one week under refrigeration (4 ˚C), at room temperature (21 ˚C) or
incubated (37 ˚C, 5 % CO2). Throughout this period, gels were monitored daily for
microorganism growth by a combination of visual inspection and microscopy. Images
taken of gels throughout this period are presented in Figure 3.5 below. The initial change
in colour of all incubated samples between 0 h and 24 h is associated with pH indicators
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in the DMEM culture media responding to carbonate buffering and the incubator’s
controlled 5 % CO2 environment. Also at the 24 h time point, unsterilized control gels
under incubation were observed to have developed two small (~1 mm diameter) white
colonies. By 48 h, this contamination had fully enveloped the incubated gel, which was
removed from the incubator to protect other samples from potential crosscontamination. 96 h and 7 day time points of the incubated control therefore reflect an
initial 48 h incubation at 37 ˚C, followed by additional time stored at 21 ˚C. At the 48 h
time point, numerous colonies were visible on the unsterilized control gel that had been
stored at room temperature. Control gels stored under refrigeration were not observed to
develop colonies over the course of the experiment, although this result is likely due to
inhibition of growth rather than sterilisation. More notably, gels formed from filtered,
autoclaved and PenStrep-supplemented GG were all free from visible contamination
under all test conditions, including incubation.

Figure 3.5: Sterilisation of Gellan Gum: (A1–A5) Microorganism growth on hydrogels formed from GG
with no sterilisation (top row), penicillin streptomycin (2nd row), 0.22 µm filtration (3rd row) or
autoclaving (4th row). Hydrogels were stored at 4 ˚C (left column), 21 ˚C (central column) or incubated at
37 ˚C (right column) and images taken at 0 h (A1), 24 h (A2), 48 h (A3), 96 h (A4) and 7 days (A5) after
casting. (B-F) Detail of selected gels at 48 h including: 37˚C autoclaved (B), 37˚C PenStrep (C), 37˚C
filtered (D), 37˚C control (E) and 21 ˚C control (F).
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In summary, all of the applied sterilisation methods (microfiltration and autoclaving) as
well as PenStrep supplementation were effective at preventing micro-organism growth
in GG culture plates over 7 days, even when incubated at 37 ˚C. Given the apparent
similarity in sterilisation effectiveness under the tested conditions, a regime for GG
sterilisation was developed based primarily on the results from physical testing.
Specifically, GG solutions employed for cell studies were hereafter sterilised by
microfiltration, which was observed to improve optical clarity and homogeneity of
solutions, whilst having minimal impact on the physical and mechanical properties of
resulting solutions and hydrogels. For high risk samples, PenStrep was employed in
addition to filter sterilisation, however the antibiotics were only added to media after
hydrogels were fully formed, thereby benefiting from its antimicrobial activity without
causing premature gelation in GG. Autoclaving was not employed for GG sterilisation
to preserve the polysaccharide’s molecular weight and maintain a consistency of GG’s
physical properties across both sterilised and unsterilized gels.

3.1.5 Gellan Gum Purification
The quantity and species of cations present during gelation is a significant factor that
influences the properties of GG hydrogels. Whilst the quantity of ions added to GG
hydrogels through the mixing of GG with CaCl2 or DMEM solutions was known and
readily controlled, it was not certain that these divalent cations were the only
contributors to cross-linking in the resultant hydrogels. The commercial GG product
employed thus far contains cations to counterbalance the polyanionic GG, however the
exact nature and concentrations of these cations was not clear from the manufacturer’s
information. To assist in standardising the GG materials, a protocol for purifying the
GG to a monovalent sodium salt form (Figure 3.6: A) was developed by fellow
researcher, Dr. Damian Kirchmajer. The details of this process were noted in the methods
chapter (Section 2.2.3) and have been published by Kirchmajer et al. [227]. In brief, hot
solutions of GG are mixed with acidified Dowex ion exchange beads that sequester the
cations previously bound to the GG, and replace them with H+ ions to yield an acidified
form of GG. The beads and acidified GG are then separated and the GG solution is
neutralised by the dropwise addition of NaOH, which replaces the H+ with Na+ ions, to
yield a sodium salt form of GG (Figure 3.6: B,C), hereafter referred to as ‘purified gellan
gum’ or NaGG.
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Figure 3.6: Purification of Salts in GG: (A) Schematic representation of the salt purification of GG by
ion exchange. (A1) Solutions of GG are mixed with pre-acidified ion exchange resin. (A2) Solution is
mixed at 60 ˚C to accelerate ion exchange. (A3) Dowex beads are separated from GG by filtration and
may be regenerated with acid. (A4) Acidified gellan solution is neutralised by the addition of NaOH. (A5)
The solution is freeze-dried to yield a fibrous white produce NaGG. (B) Image of as-received GG and
purified NaGG. (C) Detail of the lyophilized NaGG, scale bar represents 5 mm. (D) The concentration of
several key cations in commercial GG and purified NaGG, as determined by flame AAS.

Flame atomic absorbance spectroscopy (Flame-AAS) was employed to assess the
concentrations of several key cations in GG samples before and after purification
(Figure 3.6: D). These results confirmed that the NaGG product was primarily a sodium
salt (2.5 ± 0.1 %), with a minor contribution from potassium (1.0 ± 0.1 %), whilst
divalent cations were below the limits of detection. Further, flame-AAS of commercial
GG revealed that the material was primarily a potassium salt (4.5 ± 0.2 %), but also
contained significant levels of Ca2+ (1.2 ± 0.1 %) and a lesser quantity of Mg 2+ (0.11 ±
0.01 %). For GG solutions made up at a standard concentration of 1 % (w/v), the
calcium in the GG powder would be expected to contribute 3 mM of additional Ca2+
ions to the solution. These levels of Ca2+ are only slightly below the 5–10 mM range
employed to cross-link GG hydrogels, and could impact the properties and processing
behaviours of GG. It was immediately noted that NaGG was more readily dissolved,
forming optically clear solutions after 10 mins of mixing at 60˚C, where those formed
from GG had remained slightly cloudy after 30 mins. To better elucidate the impacts of
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purification, the circular dichroism and rheological tests already reported for GG were
repeated for NaGG and compared to the original data sets. CD spectra of aqueous NaGG
dispersions at temperatures ranging from 10–50 ˚C (Figure 3.7) confirmed the material
still underwent the expected helix to random coil transition, previously observed for
GG. Comparing the development of the peak at 201 nm for both NaGG and GG, we
observed a very similar profile between the two materials, consistent with previous
reports on the sol-gel transition behaviours of GG with varying initial salt contents
[323].

Figure 3.7: Circular Dichroism of Purified Gellan Gum: (A) Overlayed CD spectra of a 1 % (w/v)
aqueous dispersion of NaGG, taken in five degree increments between 10–50 ˚C. (B) The progressive
growth of the CD peak at 201 nm for 1 % (w/v) dispersions of commercial GG and the purified NaGG.

The rheological behaviour of purified NaGG and commercial GG was assessed for both
solutions and cast hydrogels. Fluid flow curves were obtained for 1 % (w/v) solutions,
sweeping shear rates between 1–1000 Hz at constant amplitude. As expected, both GG
and NaGG displayed shear-thinning behaviour whereby initially high apparent
viscosities fall off at elevated shear rate, a phenomenon that is typical of polymer
suspensions. However, the plots also revealed a significant reduction in apparent
viscosity of purified NaGG, compared to commercial GG at all tested shear rates (Figure
3.8: A). This reduction in apparent viscosity is most likely associated with the reduced
presence of calcium and magnesium ions in solutions formed from dispersed NaGG, as
both Ca2+ and Mg 2+ have previously been reported to significantly increase the viscosity
of GG dispersions [226].

Hydrogels of 1 % (w/v) NaGG and GG were then cast into cylindrical moulds following
the addition of 10 mM CaCl2 to hot (~70 ˚C) GG solutions. Amplitude sweeps
conducted on these gels are shown in Figure 3.8: B. Both systems displayed very similar
rheological behaviours, with an initial LVE region extending to shear strains of ~ 0.5 %,
followed by a dramatic drop in shear storage modulus (G’) and corresponding rise in loss
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modulus (G”). Within the LVE region, hydrogels formed from NaGG possessed slightly
lower G’ (90 ± 7 kPa) and G” (3.3 ± 0.8 kPa) compared to GG (G’ = 102 ± 63, G” = 4.4
± 2.9), attributable to the 3 mM Ca2+ present in unpurified GG powder elevating the
overall divalent cation level in GG hydrogels. However, these cations impacted less on
the rheology of hydrogels than had been observed for the apparent viscosities of GG
dispersions as both materials were supplemented with 10 mM CaCl2 prior to hydrogel
formation, effectively diluting the impact of ions initially present in the GG powder. A
similar effect was previously observed following the addition of PenStrep to GG
(Section 3.1.4), which was noted to impact solution flow behaviour much more
significantly than hydrogel rheology.

Figure 3.8: Impact of Salt Purification on the Rheology of GG: (A) Flow curves for 1 % (w/v) dispersions
of commercial GG and purified NaGG at shear rates ranging from 1–1000 Hz. (B) Amplitude sweep of 1
% (w/v) hydrogels formed from commercial GG and purified NaGG, taken between 0.01–100 % shear
strain.

Overall, the purification of GG to its sodium salt provided several benefits for processing
behaviour, including faster dissolution, improved optical clarity and reduced viscosity,
without significantly altering the sol-gel transition behaviour of GG or the rheology of
cross-linked GG hydrogels. Based on these assessments, NaGG was adopted as the
primary feedstock material for subsequent experiments. Further analyses of the impacts
of purification on GG’s properties and processing behaviours were also performed by Dr.
Kirchmajer and are reported in Kirchmajer et al. [227].

3.1.6 Microstructure
A key factor defining the suitability of a hydrogel material for support of cultured cells is
its porosity. As part of the investigation into the physical properties of gellan gum,
NaGG hydrogels were visualised under low vacuum SEM following liquid nitrogen
(LN2) cyro-sectioning as described in Section 2.1.4.6. Briefly, hydrogels cast from 0.5 %
(w/v) purified gellan gum were mounted on a brass backing plate, immersed in LN2 for
45 seconds, fractured using a cold scalpel blade and immediately transferred to the SEM.
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The purpose of this snap-freezing was to preserve the internal structures of GG hydrogels
in their native water-swollen state, ensuring that micrographs closely reflected the
structure of hydrogels during mechanical testing and cell culture experiments. Electron
micrographs produced under these conditions (Figure 3.9) are similar to those reported
previously for GG [363], and revealed the internal microstructure to be characterised by
a random network of thin polymer sheets, interlocked to form a highly porous structure.
Each polymer sheet was ~1–2 µm thick, but extended laterally for much larger distances
with sheets spanning 50–100 µm frequently observed. Average pore diameters in this
network were approximately 10–50 µm, however the size of pores varied considerably.
In many cases, these pores were partially filled by smaller, filament-like structures that
interconnect the larger polymer sheets. Nevertheless, it is expected that these NaGG
hydrogel networks would be highly permissive to nutrient diffusion and waste transport,
key factors in the application of biomaterials for cell culture.

Figure 3.9: The Internal Structure of GG Hydrogels: Scanning electron micrographs of cross-sectioned
0.5 % (w/v) GG hydrogels at three levels of magnification. (A) A representative image of the bulk gel
reveals thin polymer sheets form porous networks interconnected by finer filaments. Higher
magnification images demonstrated regions dominated by finer filaments (B) and open pores (C).

3.1.7 Cell Response
Gellan gum has previously been reported to support viable cell populations in cast
hydrogels [346, 351], injectable formulations [230, 345, 347] and when processed by
bioprinting processes [364-366], however, there is relatively little information available
on the use of gellan gum for neural cell culture including its ability to support axonal
extension and neural cell differentiation. To investigate this area, NaGG hydrogels were
employed to encapsulate both L929 fibroblasts, as a generic cell line, as well as PC12 cells
as a model neuronal cell line. Both cell types were encapsulated in 1 % (w/v) NaGG
hydrogels and grown concurrently with a second population on 2D tissue culture plastic
(TCP). Bright-field and fluorescence microscope images taken of the L929 cell
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populations are presented in Figure 3.10 below. Live-dead (Calcein/PI) fluorescence
staining performed on L929 cells after 24 h (Figure 3.10: A2, B2) revealed near 100 %
cell viability across both 2D and NaGG encapsulated populations. This finding is in line
with the previously reported abilities of GG to support viable cell cultures [367].
However, bright-field microscopy performed at 24 h showed a significant increase in cell
clustering for NaGG-encapsulated cells compared with 2D controls. Further, L929 cells
in NaGG hydrogels appeared to adopt more rounded morphologies than those on TCP.
Whilst it is common for cells in 3D culture to adopt more spherical morphologies than
the flattened structures found in 2D culture [368], the encapsulated L929 cells did not
extend projections, a behaviour observed initially in TCP control cells after 24 hours,
and becoming the dominant morphology for L929 cells after 4 days on TCP. By
contrast, L929 cells in NaGG gels remained primarily in a rounded phenotype
throughout the period of culture. However calcein/PI staining conducted after four days
of culture (Figure 3.10: C2, D2) indicated that this altered phenotype was not leading to
significant rates of cell mortality, with cells remaining highly viable.

Figure 3.10: Gellan Gum Encapsulation of L929 Cells: Brightfield (A1-D1) and live-dead fluorescence
(A2-D2) microscope images of L929 cells after 24 h (A, B) or 4 days (C, D) of culture encapsulated in
NaGG hydrogels (A, C) or in 2D on tissue culture plastic (B, D). Scale bars represent 100 µm.

Following from the L929 studies, populations of the neuron-modelling PC12 cell line
were also encapsulated in NaGG hydrogels and compared to TCP controls (Figure 3.11).
In both environments, cells were exposed to low serum media containing nerve growth
factor (NGF), conditions previously shown to induce differentiation and neurite
extension from PC12 cells in 2D culture. PC12 cells were initially monitored under
bright field microscopy, and stained with calcein and PI to determine cell viability rates
24 h after seeding (Figure 3.11: A2, B2). Both 2D TCP and NaGG encapsulated PC12
cells were highly viable after 24 h, fluorescing bright green from active calcein-AM
metabolism with minimal red PI fluorescence. As with L929 cells, encapsulation in
NaGG was observed to induce a high rate of clustering in PC12 cells. Although some
degree of clustering is typical of PC12 cells, and was also observed in control (2D)
101

populations, the PC12 cell clusters in NaGG hydrogels were abnormally large. Clusters
of such size are problematic not only because they alter the differentiation behaviours of
cells, but they can also impede nutrient diffusion to cells in the centre of the clusters,
leading to cell mortality. Indeed, a second round of live/dead staining conducted after 6
days of culture (Figure 3.11: C2) demonstrated an increase in PI (red) fluorescence for
NaGG-encapsulated PC12 cell populations, indicating increasing cell stress and
mortality. Even where smaller clusters formed and cells remained viable throughout the
6 days of culture, the morphology of PC12 cells encapsulated in NaGG was significantly
different from those differentiated on TCP. Specifically, PC12 cells encapsulated in
NaGG were not observed to project neurites with exposure to NGF (Figure 3.11: C1,
C2), in contrast to the significant rates of neurite production and elongation observed
for 2D cultures under the same conditions (Figure 3.11: D1, D2). To better assess this
differentiation behaviour, six-day differentiated PC12 cells from both populations were
immunostained for the neurite differentiation marker protein ß-III tubulin (red), as well
as the nuclei stain DAPI (blue) (Figure 3.11: E, F). Both NaGG encapsulated and 2D
control populations stained positively for ß-III tubulin, however the fluorescence images
clearly highlight the differences in cell morphology and neurite extension rates
previously described. PC12 cells in NaGG encapsulation were primarily spherical and
clustered, with no identifiable neurite extensions from cells after 6 days under
differentiation conditions. By contrast, 2D control populations were attached as single
cells or small clusters, adopted a flattened cell morphology and, critically, developed
large and branching neurites that extended to many times the length of the originating
cell body. This type of differentiation behaviour is typical of PC12 cell populations and
has been widely reported previously [83, 109, 304, 369]. Whilst it was initially
anticipated that NaGG-encapsulated PC12 cells would conform to this mode of
differentiation, it was apparent from results to date that the NaGG is inhibiting the
differentiation of encapsulated PC12 cells. Critically, the lack of neurite sprouting from
PC12 cells may imply that NaGG would not be an attractive candidate for the axonsupporting layer within a PNG, despite supporting high cell viabilities in both PC12 and
L929 cell populations.
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Figure 3.11: Gellan Gum Encapsulation of PC12 Cells: Brightfield (A1-D1), live/dead calcein (green)/PI
(red) fluorescence (A2-D2) and ß-III tubulin (red) DAPI (blue) immunostained fluorescence (E, F)
microscope images of PC12 cells after 24 h (A1, A2, B1, B2) or 6 days (C–F) of culture encapsulated in
NaGG hydrogels (A1, A2, C1, C2, E) or in 2D on tissue culture plastic (B1, B2, D1, D2, F). Scale bars
represent 100 µm.

Whilst cell studies presented thus far are not sufficiently detailed to explicitly identify a
biological mechanism for the inhibition of PC12 cell differentiation in NaGG hydrogels,
two factors were considered likely contributors. As previously mentioned, NaGG
hydrogels are stiffer than neural tissue, a factor that could potentially drive PC12 cells
towards a non-differentiating phenotype. A second factor that is potentially driving the
anomalous cell differentiation behaviours may be insufficient cell-matrix binding. Such
an effect would be expected to allow cells to migrate from their initial encapsulation site,
and form clusters with other cells as they encountered one another. For attachment
dependant cells, a category that includes the PC12 and L929 cell lines, a lack of
sufficient cell-matrix interaction is known to affect cell differentiation and morphology
[370]. One, or perhaps both, of these factors was considered likely to be the cause of poor
differentiation rates in PC12 cells encapsulated in NaGG. Regardless of the cause, it was
apparent that NaGG in its current format was not an ideal matrix for neural cell
encapsulation, however the material still possessed several favourable characteristics for
tissue engineering including high internal porosity, low cytotoxicity and a controllable
gelation that enabled wet-state processing under physiological conditions. For these
reasons, NaGG was still considered a valuable material for PNG design, however its
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application relied on pairing NaGG with secondary materials that provide better support
for neuronal differentiation and axonal extension. The manner in which these materials
could be combined and employed together within a PNG will be discussed Chapter 6.

3.2 Type-I Collagen

As noted in the introduction to this thesis, a high performance peripheral nerve guide is
most likely to require a range of complimentary materials, fabricated together into a
multifunctional PNG structure. Work with gellan gum indicated that this material was
not well suited to supporting neural differentiation, however NaGG was still expected to
provide favourable processing behaviour for the ultimate composite. The selection of a
dedicated axon-supporting material could therefore be made based primarily on
biological function. Naturally, the composition of the extracellular matrix in peripheral
nerves includes several potential candidates for this axon-supporting role. Early work by
Carbonetto et al. directly compared ECM substrates for nerve culture [369], with
fibronectin and collagen (types I, III and IV) found to be highly supportive whilst
glycosaminoglycans were noted to be inert or even inhibitory culture substrates. Since
this report, the use of collagen for PNGs has been further developed, and hollow PNGs
with walls composed of compact type-I collagen are commercially available [56]. Based
on this background, collagen was expected to be a highly beneficial material to include
as a cell support layer within a multi-functionalised PNG and was further explored.

3.2.1 Isolation and Solution Characteristics
Mammalian collagen is already well known to be highly supportive of a wide range of
cell encapsulation applications, however various forms of collagen exist, and the
composition, molecular weight and characteristics of collagen materials vary
significantly between source animals, originating tissues and batches. We therefore
sought to isolate a consistent supply of type-I collagen from rat-tail tendon, and explore
its processing and biological behaviours for application within a multifunctional PNG.
Collagen extraction and purification was performed by Dr. Nathanial Harris of the
Illawarra Heath and Medical Research Institute (IHMRI) following the protocols of
Timpson et al. [325]. This process yielded a clear, acidified and sterile solution of
collagen, which was then characterised to confirm its contents, concentration and
processing behaviours. The solution was confirmed to contained pure type-I collagen
using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), with the
isolated material run alongside both molecular weight markers and a commercial type-I
collagen (Figure 3.12: A). Both the rat-tail extract and commercial type-I collagen
exhibited very similar profiles, with two well defined bands at MWs of approximately
120 and 140 kDa, as well as a more complex band between 200-250 kDa. These profiles
were similar to those previously reported in the literature for acid solubilised type-I
collagen [371], with the 120 and 140 kDa bands corresponding to the α1(I) and α2(I)
subunits of type-I collagen, with their dimers (ß) and trimers (γ) being the likely
104

components of the multiple bands observed between 200-250 kDa. Following purity
assessment, the acidified collagen solution was additionally characterised for total protein
concentration using the colorimetric Bradford reagent. Spectra of Bradford solutions in
the presence of excess BSA, collagen unknown and no-protein controls (Figure 3.12:
B1–B3) demonstrate the shift in absorbance maxima from 450 nm (no protein) to 590
nm (excess protein) that is undergone by the Bradford reagent upon binding to protein.
Using the modified Bradford method published by Zor et al. [327], a standard curve was
constructed using the ratio of absorbance at 450 nm and 590 nm for the known BSA
solutions, from which the total protein concentration in collagen solutions was
interpolated to be 102 ± 4 µg/mL (Figure 3.12: C, D). Given the high protein purity
indicated by SDS-PAGE results, this total protein concentration was taken to be the
concentration of type-I collagen in solution.

Figure 3.12: Purity and Concentration of Extracted Type-I Collagen: (A) SDS Page gel electrophoresis
of the rat-tail collagen extract (lane 1) alongside commercial type-1 collagen (lane 2) and molecular
weight markers (MW). (B1–B3) UV-Vis spectra for Bradford reagent solutions following exposure to
excess BSA protein (B1), H2O (B2) and collagen extract (B3). (C) A standard curve constructed from the
ratio of absorbance of the peaks at 590 nm and 450 nm for Bradford reagent mixed with known BSA
solutions. (D) The protein concentration in extracted collagen solutions determined using the BSA
standard curve.

3.2.2 Gelation Behaviour
Collagen gelation is a complex and multi-stage self-assembly process. Initially, cells
synthesise three discrete subunits that are assembled to form the triple helix protein
collagen, referred to as tropocollagen. Under physiological conditions, tropocollagen
spontaneously self-assembles with other strands, driving a progressive growth in the size
and strength of the assembled fiber, known as a collagen fibril. Given sufficient time,
collagen fibrils eventually interconnect into a cross-linked and hydrated network similar
to that of GG hydrogels [372]. One of the major challenges for applying collagen in a
tissue engineering context is controlling this self-assembly process to ensure collagen
patterning, cell encapsulation and gelation are all appropriately timed. It is known that
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spontaneous self-assembly of collagen solutions can be effectively inhibited by storing
the material under cold and/or acidified conditions. However, cold acidic conditions are
toxic for mammalian cells and collagen solutions cannot be employed for cell
encapsulation until brought back to conditions close to 37 ˚C and pH 7. Collectively,
these factors imply that there is a limited window of time in which collagen solutions are
both processable and cell compatible. For this reason, it was critical to accurately define
the timing of this process with respect to our rat-tail collagen in order to design
appropriate fabrication strategies.

In order to assess the gelation behaviours of our collagen, it was critical to accurately
define the solution neutralisation behaviour. This was achieved by titration of 1 mL of
collagen solution against 1 M NaOH, recording pH changes after sequential additions of
NaOH in 2 µL aliquots with mixing. The resulting pH curve (Figure 3.13: A) is in line
with the previously reported neutralisation behaviours of collagen [373, 374], with acidic
collagen solution initially buffering around pH 4-5, before rapidly transitioning to a
secondary buffer region beginning at pH 10. These two buffer regions are attributable to
the neutralisation of carboxylate and amino acid functionalities, respectively. In our
case, the acidic buffer region was also likely supplemented by the buffering capacity of
acetic acid, which was used to resuspend collagen in the final stage of extraction to
ensure an acidic collagen suspension was formed. Most importantly, it was determined
that 19 µL of 1 M NaOH was required to return 1 mL of the collagen solution to pH 7,
and this neutralisation protocol was employed in all subsequent experiments requiring
collagen gel formation.

Figure 3.13: Neutralisation and Gelation Behaviours of Type-I Collagen: (A) Titration curve for
solutions of acidified type-I collagen during the sequential addition of NaOH. (B1, B2) Oscillatory shear
rheology of neutralised type-I collagen solutions at 21 ˚C (B1) and 37 ˚C (B2). Error bars represent ±1
S.D.
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Once a neutralisation protocol was established, collagen gelation was assessed at 21 ˚C
and 37 ˚C using an oscillatory shear rheometer equipped with heated testing plate and
mantle. Prior to testing, fresh NaOH and acidified collagen solutions were brought to
either 21 ˚C or 37 ˚C with the aid of water baths, with the shear rheometer also being set
to temperature. Immediately prior to testing, each collagen solution was neutralised with
NaOH, and then transferred directly to the rheometer, which was used to apply an
oscillatory shear strain constant amplitude and frequency for 30 mins. Tracking the
shear stress throughout this period enabled a determination of the rate of collagen
gelation under each condition (Figure 3.13: B1, B2). Both curves were characterised by a
rising shear storage modulus (G’), corresponding with developing solidity of the gel
during collagen self-assembly, however the rate and extent of these changes varied
substantially between the gels. In 21 ˚C samples, the transition from liquid state to gel is
somewhat delayed, with the majority of the shift in storage modulus occurring between
10 and 15 mins after neutralisation. By contrast, collagen solutions neutralised at 37 ˚C
began to solidify almost immediately, and the shear storage moduli of these samples
were already elevated at the time shear rheology measurements were initiated, being
between 30 secs and 1 minute following neutralisation. This result highlights the
problematic nature of working with collagen at 37 ˚C, which, although optimal for cell
culture, affords very little time for the handling of cell-encapsulated collagen. In this
regard, the 10 min window observed between neutralisation and gelation in room
temperature collagen may be highly beneficial, and may be sufficient for transferring
and processing neutralised collagen into 3D structures.

From shear rheology data, it was also noted that gels formed at 21 ˚C ultimately
achieved substantially higher shear moduli than those formed at 37 ˚C, however this
result was deemed unreliable for two reasons. Firstly, it was noted that the gels
neutralised at 37 ˚C may have partially formed during transfer to the instrument, and
may therefore be disrupted by the transfer process itself. Furthermore, both 21 ˚C and 37
˚C gels underwent significant contraction over the course of their gelation, a behaviour
that is typical of collagen. This contraction resulted in gels adopting geometries that
differed from their initial liquid form, whereas consistency of geometry is assumed for
the calculation of modulus. Nevertheless, the technique still provided an effective
characterisation for the relative behaviour of the two samples and, in particular, gelation
time. In this regard, processing collagen at 21 ˚C immediately following neutralisation
affords a window of opportunity for processing cell-compatible collagen solutions into
engineered tissue structures, provided those cells can tolerate a short period of exposure
to temperatures of 21 ˚C.
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3.2.3 Gel Morphology
With both neutralisation and gelation protocols established, a series of collagen gels were
formed for further study. As with GG, one important feature of gels relevant to cell
encapsulation is their internal microstructure and porosity. Collagen solutions
neutralised with NaOH and formed into gels at 21˚C were cryosectioned by the methods
described in Section 2.1.4.6 and visualised under SEM (Figure 3.14: A1–A3). The
internal structures of these gels were characterised by a tight network of collagen fibrils,
estimated to be around 500 nm in diameter. These fibrils predominately formed a
random mesh, and the gel was generally isotropic, however some larger scale ordering in
fibrils was observed, with stacked sheet-like structures of 10–100 µm appearing
sporadically though out the gel (Figure 3.14: A1). Pore sizes in collagen hydrogels were
of the order of 5-10 µm in diameter, and were notably both smaller and more uniform
than those found in NaGG hydrogels.

In addition to visualising collagen hydrogel morphology, SEM was also employed to
compare our rat-tail collagen extract with a commercial type-I collagen as a further
validation of the extraction and purification process. The internal structure of gels
formed from commercial collagen (Figure 3.14: B1–B3), were observed to develop very
similar structures to those already identified for our rat tail extract. Again, highly
magnified images of commercial collagen gels demonstrated a structure formed from
fibrillar collagen of similar size and structure to the fibrils observed in rat-tail extract. At
larger scales, aligned sheet-like structures were again noted throughout the gel, and were
more common in commercial gels than those formed from our rat-tail collagen,
however these regions still reflected a minority of the overall gel structure, and fibrils
were predominately random in alignment at large scales.

Figure 3.14: Electron Micrographs of Collagen Gels: Collagen gels formed using our rat-tail collagen
extract (A1–A3) and commercial type-I collagen (B1–B3) at varied magnifications. Scale bars as marked.
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3.2.4 Cell Response
The major rationale for including collagen in a PNG was an expectation that the
material would provide significantly better support to neural cell differentiation than
was observed for NaGG. To confirm this, PC12 cells were encapsulated in hydrogels of
collagen and NaGG as well as seeded in 2D on TCP controls, and exposed to
differentiation media containing NGF. Cells were monitored daily by light microscopy,
and immunostained for ß-III tubulin and DAPI at the conclusion of the three day
culture period (Figure 3.15: A–C). As previously observed, PC12 cells differentiated on
2D tissue culture plastic surfaces were observed to flatten and extend numerous neuronal
outgrowths. Also in line with previous results, PC12 cells encapsulated in NaGG
hydrogels were observed to maintain a rounded morphology with no visible outgrowths
despite staining positively for ß-III tubulin (Figure 3.15: D–F). In contrast, PC12 cells
encapsulated in collagen gels supported extensive differentiation, extending a high
number of neural outgrowths that branched and spread in all directions through the gel.
The stark difference in the extent of PC12 cell differentiation confirmed expectations
that collagen would provide a significantly improved encapsulation material for neural
cell types compared with NaGG.

Figure 3.15 Collagen Encapsulation of PC12 Cells: PC12 cells differentiated in 2D on tissue culture
plastic (A, D) or encapsulated in either 1 % (w/v) NaGG (B, E) or collagen (C, F) for 72 h. NaGG was
observed to inhibit PC12 cell differentiation and neurite outgrowth compared to 2D controls. Collagen
gels, in contrast, provided a highly supportive environment for PC12 differentiation, resulting in
elaborately branched neurite outgrowths. Scale bars represent 50 µm.
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Overall, this work established a suitable source of pure type-I collagen, which was
confirmed to be an excellent encapsulation material for differentiating PC12 cells. In
particular, collagen was found to significantly improve upon NaGG with regard to the
extension of neurites from encapsulated cells, a key trait required for the axonsupportive layer of a PNG. Such results were in line with expectations, as collagen was
well known to provide support for differentiating neural cells prior to our work.
Collagen processing behaviour was also elucidated towards fabricating collagen as part of
a multi-material PNG. A 5-10 min window between neutralisation and gelation of
collagen at 21 ˚C was identified as a potential opportunity for the bioprocessing of
cytocompatible, yet fluid-like, collagen. However, it was noted that the time,
temperature and pH shifts employed in setting liquid collagen still presented a challenge
for processing the material into a PNG. Ideally, we would prefer a material with similar
biological function to the nerve extracellular matrix, whilst also allowing for a wider
variety of processing options. The following section describes the development,
synthesis and testing of a new material derived from NaGG, intended to retain its
favourable processing characteristics whilst significantly improving upon its cell
adhesion and cell scaffolding potential.

3.3 Peptide-Modified Gellan Gum

Although NaGG hydrogels were confirmed to be cytocompatible, they did not provide
an appropriately supportive environment for the differentiation of neuron-modelling
PC12 cells. A targeted review of GG literature uncovered similar results reported in other
anchorage dependant cell lines grown in GG matrices, including rat bone marrow [367]
rabbit articular cartilage [230] and human chondrocytes [231]. Similar results have also
been obtained for analogous polysaccharide gel systems, with cardiomyocytes
encapsulated in chitosan hydrogels [200] and endothelial cells encapsulated in alginate
[217] showing a lack of cell adhesion. Collectively, these studies covered a broad range of
conditions and cell types, and the similarity of these reported cell responses to that
observed here for PC12 in GG indicated that a lack of specific cell adhesion sites was the
principle factor limiting GG’s cell-scaffolding potential. Augmenting GG with celladhesion sites, therefore, presented a promising and potentially impactful route for
enhancing the usefulness of GG in tissue engineering applications, including the
fabrication of PNGs.

In the natural ECM, cells are presented with biological cues that instruct the cell to bind
with its matrix. This binding is most commonly mediated via a set of transmembrane
proteins known as integrins, which recognise and bind to various elements of the ECM
including collagen, laminin and fibronectin. The tri-peptide sequence arginine-glycineaspartic acid (RGD), and longer variants (e.g. RGDS), have been identified as the cell
attachment sites in many ECM proteins and are pivotal to integrin-mediated cell
binding [195, 375]. The peptides, and other similar sequences, have been widely utilised
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to modify polymer bio-functionality [376]. One of the most common applications of
this approach is the conjugation of RGD peptides to alginate [196]. Other research in
this area involves modification of alginate with the peptide G 4RGDY, including a 6month implantation study in a rat model, which showed good vascularisation and tissue
integration in vivo [377]. The potential of RGD-alginates for injectable systems by
delivering endothelial cells encapsulated in RGD-modified alginate in vitro has also been
reported [217], while the potential of peptide-modified alginates for spinal cord repair
has been demonstrated [220]. Human fibroblasts and adipose derived stem cells [378]
have also been incorporated into peptide-modified alginate gels. More recently, furan
functionalisation of GG, followed by a Diels–Alder reaction with a synthetic variant of
the GRGDS peptide was used to support neural and mesenchymal stem cell
differentiation with encouraging results [232, 351]. Based on these findings, we sought
to covalently couple the GG polysaccharide with a short peptide containing the RGD
sequence. This section of work was conducted in collaboration with Dr. Cameron Ferris,
who investigated GG as a material for bioprinting applications, including ink-jetting.

3.3.1 Peptide Coupling Reaction
Prior to conjugation, the short peptide sequence G 4RGDSY was designed and ordered
from Auspep. This sequence was chosen to include the biofunctional RGDS moiety, a Cterminal tyrosine (Y) for reaction tracking, as well as a tetramer of glycine (G) on the
N-terminal end to increase spacing between the GG polysaccharide and the active cell
adhesion site. The presence of the G spacer was intended to minimise the disruption of
the RGD site by the polysaccharide, with such spacers previously being shown to help
retain biofunctionality in coupled peptides [186]. The method for coupling this peptide
to GG was based on prior work by Rowley et al. who successfully coupled the peptides
GRGDY [196] and G 4RGDY [197] to alginate. In that work, EDC and sulfo-NHS were
employed to couple the peptide’s terminal amine with the carboxylic acid residue of the
alginate polysaccharide. Given that GG, like alginate, is a linear carboxylated
polysaccharide, it was considered likely that a similar EDC/sulfo-NHS coupling approach
would also be viable for GG. A scheme of the reaction used in coupling NaGG with
G 4RGDSY is shown in Figure 3.16 below. A fully hydrated solution of NaGG (generally
1 % (w/v)) was first reacted with EDC, which reversibly binds to the carboxylate
functionality (Figure 3.16: A-R1). This intermediate is then stabilised and protected by
the addition of sulfo-NHS, which displaces EDC about the carboxylate residue, but
renders the site available to nucleophilic attack by the peptide (Figure 3.16: A-R2). Once
the peptide is added to the reaction mixture, an electron pair from the terminal amine
attacks this site, displacing the sulfo-NHS that in turn recaptures a proton displaced from
the amine (Figure 3.16: A-R3). The final reaction step is rate limiting, and requires an
incubation period of hours to days in order to proceed to completion. Figure 3.16: B
shows the progression of the GG material from as-received powder, to lyophilized foams
of purified sodium salt NaGG and peptide modified RGD-GG, and finally to a hydrogel
formed from 1 % (w/v) RGD-GG.
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Figure 3.16: RGD-Peptide Coupling to Gellan Gum: (A) Reaction scheme for the coupling of GG and
G4RGDSY peptide, mediated by EDC and sulfo-NHS: (1) Activation of the GG carboxylate by EDC, (2)
stabilisation of the reactive intermediate by sulfo-NHS, (3) nucleophilic attack of the activated carbon by
the peptide’s terminal amine, with the regeneration of sulfo-NHS. (B) Gellan gum through each stage of
processing including as-received GG powder, purified NaGG, lyophilised RGD-GG and a 0.9% (w/v)
RGD-GG hydrogel.
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Beginning with the conditions employed by Rowley et al. for alginate [196, 197], RGDGG synthesis was optimised for a variety of factors, including altering reagent
concentrations, temperature, solvent, pH and purification method. In order to track the
efficacy of these changes, radio-labelling studies were conducted at the Lucas Heights
Reactor by Dr. Cameron Ferris and Dr. Eskender Mume (ANSTO). In these studies, the
tyrosine (Y) residue of the peptide was radio-labelled with iodine-125 using the
chloramine-T method [379], prior to reacting the peptide with GG. Measuring the
intensity of gamma-irradiation emanating from the decay of iodine-125 across the
reactants, isolated product and supernatants allowed for a determination of the peptide
concentration in each fraction, and therefore an explicit determination of the peptide
binding efficiency. Notably, initial coupling reactions with commercial GG did not
achieve significant yields, a result attributed to the presence of divalent cations in
commercial GG, which occupy and shield the carboxylate reaction site. The purification
of GG to NaGG was found to be a critical prerequisite to the synthesis of RGD-GG and
future reactions were performed using the purified product. A summary of the
conjugation efficiencies for peptide couplings with NaGG is given in Figure 3.17.

Initial batches of RGD-GG product were separated from their reactant mixtures by both
dialysis and desalting via centrifugation. In both cases, the methods were also employed
to separate mixtures of radio-labelled peptide and NaGG that were reacted without EDC,
and therefore not conjugated. Of the two methods, dialysis was observed to yield a better
separation of product and unreacted peptide, with only 3.62 ± 1.43 % of the initially
added peptide remaining in uncoupled control mixtures following 24 h of dialysis.
Control mixtures separated by desalting retained 9.72 ± 0.58 % of initial peptide. When
the coupling reaction was allowed to proceed by the inclusion of EDC, dialysis purified
extracts were found to retain 45 ± 10 % of the employed peptide, implying that ~ 42 %
of the peptide was successfully bound to NaGG. Conjugated RGD-GG separated by
desalting retained 37.0 ± 1.1 % of the initial peptide, implying a binding rate closer to
30 %. Despite its disadvantages, the relatively high speed and throughput of desalting
made this separation method preferable for optimisation studies, and desalting was
applied through the remainder of the tyrosine radio-labelling studies. The higher yielding
dialysis was employed to purify RGD-GG batches intended for cell culture, which were
also produced without tyrosine radio-labelling.
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Figure 3.17: Reaction Efficiencies in RGD-GG Synthesis: Peptide (G4RGDSY) conjugation efficiencies
as determined after HPLC by gamma counting of radio-labelled iodine on the terminal tyrosine of the
G4RGDSY peptide. Efficiencies were compared in terms of separation method (A), NaGG concentration
(B), EDC concentration (C), peptide concentration (D), reaction temperature (E) and buffer selection (F).
Red bars indicates the conditions that were carried across to the other reactions. Orange bars in (A)
represent control reactions with no added EDC. Error bars represent ±1 S.D.

Peptide coupling reactions were performed with NaGG at concentrations of 0.1, 0.5 and
1 % (w/v), yielding conjugation efficiencies of 18.7 ± 0.7 %, 35.3 ± 0.4 % and 37.0 ±
1.0 % respectively. The similarity of reaction efficiency between these samples was
broadly in line with expectation, as peptide was only added in quantities sufficient to
bind ~1 % of the polysaccharide’s carboxylate residues, implying the NaGG should be in
excess across all of the tested concentrations. In this regard, the lower efficiency
observed for 0.1 % (w/v) NaGG samples was surprising, but is possibly attributable to a
slowing of reaction kinetics due to a reduced presence of NaGG. Nevertheless, the
relatively high performance of 1 % (w/v) suspensions was favourable, and subsequent
reactions were performed at this polysaccharide concentration as a standard condition.

Next, EDC concentration was varied between 0–20 % (mol/mol) of available
carboxylate groups, with reaction efficiencies rising four fold over that range. The
maximal reaction efficiency (37.0 ± 1.0 %) was achieved at the highest EDC level, and
higher efficiencies may be afforded by extending the EDC concentration to higher
levels, however this was avoided due to the potential for concentrated EDC to undergo a
previously reported side reaction in which the active ester undergoes internal
rearrangement and incorporates into the product [195, 380]. The apparent conjugation
efficiency of 10% in the absence of EDC can be attributed to the presence of unbound
RGD peptide that remained after desalting, as previously described.
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The quantity of added peptide was varied from 0.02–2 % (mol/mol COOH), achieving
similar conjugation efficiencies of between 30–40 % in each case. As conjugation
efficiency was determined as a rate of bound to total added peptide, this consistent
conjugation efficiency suggests that there is a linear relationship between peptide
addition and RGD-GG yield. The correlation between peptide addition and RGD-GG
yield was anticipated, as G 4RGDSY was the limiting reagent in the RGD-GG synthesis,
however the linearity of the relationship may be beneficial as it provides a means of
tailoring the final density of bound peptide in RGD-GG. The density of RGD peptides
presented to cells has been shown to affect a range of cellular responses including
attachment, spreading, proliferation and differentiation [381-383]. These results suggest
that RGD-peptide density could be tailored to suit specific extracellular environments.

The impact of reaction temperature was also tested, however it exhibited relatively little
influence on conjugation efficiency compared with the previously described factors.
Reaction efficiencies at 21 ˚C, 37 ˚C and 60 ˚C were determined to be 35.2 ± 0.3 %,
37.0 ± 1 % and 26.9 ± 2.3 %, respectively. The modest reduction in reaction efficiency
at 60 ˚C was not anticipated, but may relate to a trade-off between reaction kinetics of
EDC coupling and the availability of carboxyl groups for activation. However, the most
efficient reaction temperature of 37 ˚C was employed for subsequent reactions.

Finally, buffer selection and pH also had a significant influence on achieved conjugation
efficiency. Sodium phosphate, sodium acetate and MES buffers were trialled alongside
unbuffered Milli-Q, with peptide coupling efficiencies found to range from 9.92 ± 0.8 %
(MES, pH 5) to 37.0 ± 1.0 % (MES, pH 6.5). Although EDC is most reactive under
acidic conditions (pH~4.5), the reaction was found to be better supported by MES
buffer at neutral pH (6.5). This result is likely a reflection of the need to balance the
acidic pH requirements of the EDC, with that of the peptide’s terminal amine, which is
strongly activated at pH 8-9 [381]. Optimising pH for the peptide, trialled here using
sodium phosphate at pH 8.0, produced poor conjugation results likely associated with a
deactivation of the EDC and the carboxylic residue of gellan gum. A similar result has
been reported for the conjugation of alginate, which is also a carboxylated polysaccharide
[196]. However, initial pH was not the only contributing factor, with Milli-Q water at
pH 6.5 and sodium acetate buffer at pH 6.7 presenting poor reaction efficiencies of 11.8
± 0.8 % and 13.7 ± 1.1 % respectively, despite being in line with the optimal MES pH of
6.5. In the case of pure water, this is likely due to a divergence of pH from the starting
conditions as the reaction proceeds, whilst sodium acetate may be causing a deactivation of EDC by nucleophilic attack from acetate ions [382]. Collectively, these
results demonstrated the importance of pH and buffering to the EDC/sulfo-NHS
coupling reaction, and MES buffer at a pH of 6.5 was employed for subsequent coupling
reaction.
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Overall, peptide conjugation to NaGG was effectively established and optimised. It was
identified that the input concentration of G 4RGDSY peptide was linearly correlated with
yield over 3 orders of magnitude, providing an efficient means of tailoring the output
density of bound peptide. The highest conjugation efficiency achieved here, 45 ± 10 %
for dialysis purified RGD-GG, was lower than that observed in the conjugation of
GRGDY to alginate (> 80%) [196], but this may be due to the use of a longer peptide
sequence in our case, with longer peptides coupled to alginate also having been reported
at lower reaction efficiencies [197]. Nevertheless, this synthesis route was considered
sufficiently effective to warrant the ongoing production of RGD-GG material for
further assessment and cell-studies.

3.3.2 Mechanical Characterisation
As noted previously, the mechanical properties of biomaterials are an important
contributor to their processing and cell encapsulation behaviours. Rheological testing
was performed on RGD-GG, and compared to the rheology of NaGG and commercial
GG to identify any changes to GG’s mechanical properties associated with the peptide
modification processes. Fluid flow curves of peptide-bound NaGG were found to exhibit
apparent viscosities that were 10–75 % lower than that of unbound NaGG across a wide
range of applied shear rates (1–1000 Hz) (Figure 3.18: A). The magnitude of this change
was similar to that previously identified following the purification of commercial GG to
its sodium salt, NaGG. However, in that case the reduction in viscosity was attributed to
a reduced presence of divalent cations in solutions, an effect not expected in RGD-GG
as compared with NaGG. Moreover, the rheological properties of NaGG were found to
normalise to those of GG when both materials were formed into hydrogels through the
addition of 10 mM CaCl2. Hydrogels formed from RGD-GG, however, remained
significantly softer than either GG or NaGG gels, with linear viscoelastic storage (G’, 6.0
± 0.4 kPa) and loss (G”, 190 ± 40 Pa) moduli both presenting an order of magnitude
lower than those previously determined for GG (Figure 3.18: B). Interestingly, despite
existing at a lower absolute magnitude, the LVE region of RGD-GG hydrogels was stable
to higher strains, extending to 2.2 ± 0.3 % shear strain compared to the 0.70 ± 0.19 %
for NaGG and 0.80 ± 0.56 % for GG. This result indicated that the binding of peptide
was not strictly detrimental to the GG network, but rather rendered it softer and more
flexible. However, the magnitude of the change in viscosity, modulus and ductility
exceeded expectations and required further elucidation.
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Figure 3.18: Impacts of Peptide Modification on the Rheological Properties of Gellan Gum: (A) Fluid
flow of 1 % (w/v) solution of GG, NaGG and RGD-GG. (B) Shear storage (B1, G’) and loss (B2, G”)
moduli of 1 % (w/v) GG, NaGG and RGD-GG hydrogels during the application of oscillatory shear with
increasing shear amplitude. (C) Summary of several key rheological properties for GG, NaGG and RGDGG.

3.3.3 Circular Dichroism
The significantly reduced viscosity of RGD-GG solutions and shear moduli of RGD-GG
hydrogels compared to either NaGG or GG indicated that the binding of peptide was
altering the polymer’s physical behaviours. Importantly, the magnitude of this effect was
substantial when viewed in the context of the relatively low rate of peptide binding,
which was performed such that only 1:400 sugar residues (1:100 carboxylates) would be
covalently bound to the peptide. One possible explanation for the disproportionate
effect of peptide binding is that the bulky amino acid chain hindered the formation of
helices between adjacent GG chains, impeding the stabilisation that is usually provided
by the carboxylate through hydrogen and ionic bonding. Alternatively, the large
proportion of carboxylates activated by EDC during peptide coupling (10–20 %
mol/mol COOH) may not return to their native state, but may instead be converted to
side products that are neither peptide-bound, nor available for the stabilisation of GG
helices. In either case, it was anticipated that this effect would be apparent under circular
dichroism, which allows for a definition of the helix and random coil states of gellan
gum. CD spectra of 1 % (w/v) RGD-GG at temperatures from 10 ˚C to 50 ˚C are
presented in Figure 3.19: A, and were broadly in line with those previously presented for
both GG and NaGG. At colder temperatures, the CD signal was negative with a peak
around 198 nm, a spectral pattern previously ascribed to the helix state of GG [323, 324,
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353]. As temperature increased this peak shifted in wavelength to 201 nm and increased
in CD intensity, reaching a maximum when the polymer was primarily in the random
coil state. Comparing the development of the 201 nm peak during the heating of GG,
NaGG and RGD-GG, we observed a muted response in the changes of CD signal
intensity for RGD-GG compared to the other two systems (Figure 3.19: B, C).
Specifically, the change in absolute magnitude of the two CD peaks at 10 ˚C and 25 ˚C
was lower for RGD-GG (46.8 mdeg) compared to either NaGG (62.4 mdeg) or GG
(64.4 mdeg). This indicated that the RGD-GG was not adopting either of the two
conformations as uniformly as the unmodified gellan gums, a result that would be
consistent with a disruption of GG’s conformation from a bulky side chain, namely the
peptide residue. Viewing this data in combination with rheological studies, it appears
likely that the covalent binding of peptide does indeed influence the conformation state
of GG. The presence of regions of polymer in which the helix state is disrupted may also
account for the relative softness and flexibility of RGD-GG hydrogels, as these regions
would resist the ionic cross-linking that usually imparts GG with both strength and
rigidity.

Figure 3.19: Circular Dichroism Spectra of Peptide Modified Gellan Gum: (A) CD spectra of 0.5 %
(w/v) GG at temperatures ranging from 10 ˚C to 50 ˚C. (B) Comparison of the growth in CD signal at 201
nm for 0.5 % (w/v) RGD-GG, NaGG and GG suspensions as temperature was increased. (C) The specific
observed shift in the wavelength and intensity of the primary CD peak for each material.
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3.3.4 Microstructure
Rheology and circular dichroism data indicated that the inclusion of peptides on NaGG
not only altered its chemical structure, but that these changes affected the material’s
conformation and cross-linking behaviour. Although not initially anticipated, these
secondary effects of peptide coupling were now considered likely to flow through to
other aspects of RGD-GG physical characteristics, notably the hydrogel’s porosity and
microstructure. To visualise any such effect, hydrogels formed from RGD-GG were
cryo-sectioned and observed under SEM by the same techniques previously applied to
NaGG and collagen hydrogels. Figure 3.20 shows the internal structures of RGD-GG
and NaGG hydrogels at a variety of magnifications. The larger elements of the
hydrogel’s microstructure, namely an interconnected network of sheet-like structures,
appeared in both materials. The size and distribution of pores within this sheet structure
was also broadly similar between NaGG and RGD-GG, with most pores being between
10-50 µm in diameter, however these sheets appeared less robust in RGD-GG gels,
possessing a rougher surface structure, frayed edges and occasional blebs of polymer that
were discontinuous with the remainder of the network. Further, in NaGG based
hydrogels the primary sheet structures were bridged with numerous filament-like
structures. Whilst a few of these fine filaments were also visible in RGD-GG, their
presence was much reduced compared with NaGG, leaving the pores more open as a
result. The reduced presence of these filaments may also serve to explain why RGD-GG
hydrogels were both softer and less rigid than NaGG gels under rheological testing, as
such microstructure would likely serve to brace and reinforce the polymer network as a
whole. However, a softening and opening of the network is not necessarily detrimental
to cell encapsulation. A more open network is likely to promote faster diffusion kinetics
for nutrients, and improve cell motility within the scaffold [384]. Indeed, researchers
have applied freeze-drying techniques to polysaccharide networks to enlarge pores,
improving both strength and cell behaviour [344, 385, 386]. As discussed previously,
both lack of adhesion and mechanical hardness were considered to be potential causes of
GG’s poor support of differentiation in encapsulated neural cells. From the data
obtained so far, it appears that peptide modification may address both of these factors
simultaneously. Whilst peptide coupling was primarily conducted to impart GG with
specific cell-adhesion sites, the secondary effects on material hardness and microstructure
may further improve RGD-GG’s usefulness in cell encapsulation applications. The next
section regards cell studies performed on RGD-GG hydrogels to assess this potential.
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Figure 3.20: SEMs of Peptide Modified RGD-GG: Electron micrographs of cryo-sectioned RGD-GG (A)
and unmodified NaGG (B) hydrogels at low (A1, B1) medium (A2, B2), and high (A3, B3) magnification.

3.3.5 Cell Response
The cell response to RDG-GG was assessed across a variety of cell types, beginning with
the PC12 cell line previously described, alongside C2C12 cells, a skeletal muscle cell line.
First, the impact of the peptide motif on cell proliferation and metabolism was assessed
using the colorimetric MTS assay, performed by Dr. Kerry Gilmore (UOW).
Populations of PC12 and C2C12 cells were encapsulated in hydrogels formed from
NaGG and RGD-GG, with gels then being soaked in cell proliferation media and
incubated over 3 days. MTS assays performed at 24 h intervals during this cell
proliferation study are presented in Figure 3.21. Across all time-points and cell types,
total metabolic activity in RGD-GG hydrogels exceeded that of cells encapsulated in
NaGG. Within both NaGG and RGD-GG hydrogels, encapsulated PC12 cells exhibited
a steady rise in MTS absorbance over the 72 h, reflecting a proliferation of cells that was
also evident using microscopy. For C2C12 cells, the cellular metabolic activity was
observed to drop over the initial 48 h, before recovering. This behaviour was exhibited
regardless of whether C2C12 cells were encapsulated in NaGG or RGD-GG, however
RGD-GG encapsulated cells presented a higher MTS response across all time points.
Notably the higher MTS absorbance observed for both PC12 and C2C12 populations in
RGD-GG hydrogels was consistent across all time points, rather than developing over
time. Such a result suggests the RGD motif is not driving a more rapid proliferation of
cells, but rather driving a higher overall metabolic rate within the population that was
evident even at the first time point.
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Figure 3.21: MTS Assays of Cells in RGD-GG and NaGG Hydrogels: Change in recorded absorbance
levels from colorimetric MTS assays performed on populations of PC12 (A) and C2C12 (B) cells after
encapsulation within hydrogels formed from NaGG (yellow bars) or RGD-GG (red bars). Error bars
represent ± 1 S.D.

Microscope images of PC12 and C2C12 cells during proliferation in RGD-GG and
NaGG hydrogels (Figure 3.22) provided further evidence that the presence of the RGD
peptide was impacting cell behaviour. For PC12 cells under growth conditions we
observed a substantial reduction in the cell clustering behaviour observed for PC12 cells
in NaGG gels (Figure 3.22: A, B). This reduced clustering may indicate that seeded PC12
cells were finding anchorage points in the RGD-GG matrix, which may limit cell
migration and assist in maintaining separation between adjacent cells. This altered
clustering behaviour may have influenced the MTS response through higher metabolic
activity in individual cells, easier diffusion of MTS assay products, or due to the death of
cells confined within cell clusters. C2C12 cells also exhibited differential cell behaviours
between NaGG and RGD-GG encapsulated populations (Figure 3.22: C, D). As with
PC12 cells, C2C12 cells appeared less clustered in RGD-GG than NaGG, however the
cell clustering in NaGG was much less dramatic than that exhibited by PC12 cells, with
C2C12 clusters typically containing between 1 and 10 cell bodies. More notably, C2C12
cells began to demonstrate cell spreading in RGD-GG gels, but not in NaGG. This cell
spreading behaviour is an important step in the development of C2C12 cells towards
their differentiated muscle fiber phenotype. Notably, the formation of these structures
by C2C12 cells is anchorage dependant [387], and their presence in RGD-GG, but not
NaGG, provides further evidence that the peptide motif is indeed imparting gellan with
functional cell anchorage sites.
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Figure 3.22: Proliferation of Cells in RGD-GG and NaGG Hydrogels: Brightfield (A1-D1) and
calcein/PI fluorescence (A2-D2) microscope images of PC12 (A1, A2, B1, B2) and C2C12 (C1, C2, D1,
D2) cell populations under growth media conditions, 48 h after encapsulation into RGD-GG (A1, A2, C1,
C2) or NaGG (B1, B2, D1, D2) hydrogels. Scale bars represent 200 µm.

After positive results from populations under growth media conditions, PC12 and
C2C12 cells were then assessed for their behaviour in RGD-GG under differentiation
conditions. C2C12 cells were both encapsulated and seeded onto 0.15 % (w/v) NaGG
and RGD-GG hydrogels and differentiated over 5 days by Dr. Cameron Ferris.
Immunostaining these cells for the muscle-specific filament protein desmin, alongside
DAPI nuclear stain, allowed for visualisation of the differentiation behaviour under
fluorescence microscopy (Figure 3.23). Importantly, cells encapsulated in NaGG
hydrogels exhibited minimal desmin-positive (red) fluorescence, and the C2C12 cells
appeared to remain in a non-differentiated phenotype. By contrast, C2C12 cells in
RGD-GG were not only strongly fluorescent in the desmin channel but were also
significantly elongated and formed bundled fibers containing numerous individual cells.
Close inspection of these bundles indicated that they were progressing towards a multinucleated state, a critical step in the formation of fully differentiated myofibers.
Collectively, these observations provided a high degree of certainty that the binding of
RGD peptide to gellan gum had drastically enhanced its usefulness for the encapsulation
of these anchorage dependant cells. Further detail and discussion of C2C12 muscle cell
growth and differentiation behaviour in RGD-GG can be found in [388], however focus
will now be returned to neural cell types most relevant to peripheral nerve regeneration.
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Figure 3.23: C2C12 Cells Differentiation in RGD-GG: C2C12 cells following five days of differentiation
after surface seeding (A) or encapsulation (B-D) within 0.15 % (w/v) hydrogels of RGD-GG (A-C) or
NaGG (D). Cells were immunostained for desmin (red) and DAPI (blue). Scale bars represent 50 µm.

Alongside C2C12 differentiation studies, PC12 cells were also encapsulated and
differentiated within RGD-GG hydrogels, however these preliminary experiments failed
to produce the expected elevated rates of neurite outgrowth. To confirm these results
and attempt to identify conditions more suitable for differentiation, PC12 cells were
encapsulated in RGD-GG hydrogels with a wide range of polymer concentrations (0.15–
1.5 % (w/v)). Bright-field microscopy and calcein/PI staining of these cells after six days
of differentiation conditions are presented in Figure 3.24. In line with the results from
studies under growth media conditions, encapsulated PC12 cells were observed to
maintain good separation and exhibited minimal clustering across all tested polymer
concentrations. Live-dead staining after six days of low-serum media conditions revealed
high cell viabilities had been maintained, however cell viability was inversely correlated
with polymer concentration, possibly indicating cells were suffering from nutrient stress
in dense networks under differentiation conditions. The percentage PI positive (red
fluorescent) cells ranged from 34 % in the most concentrated RGD-GG networks, to
less than 3 % in networks with 0.15 % (w/v) RGD-GG.
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Figure 3.24: PC12 Cell Encapsulation in RGD-GG at Varied Concentrations: PC12 cells cultured
under differentiation conditions after encapsulation in RGD-GG hydrogels at polymer concentrations of
0.15 % (A1-C1), 0.3 % (A2-C2), 0.5 % (A3-C3), 0.75 % (A4-C4), 1 % (A5-C5) and 1.5 % (A6-C6).
Populations are shown under brightfield microscopy after one (A1–A6) and five (B1–B6) days, as well as
under fluorescence after live/dead staining for calcium (green) and propidium iodide (red) at six days
(C1–C6). Scale bars represent 100 µm.

Neurite extension also appeared to be impacted by the density of the RGD-GG network,
with virtually no neurites observed in PC12 populations encapsulated in gel networks
above 0.75 % (w/v), in line with the lack of observed differentiation in preliminary
studies undertaken in 1 % (w/v) RGD-GG gels. Neurite outgrowth was observed in
softer gels at or below 0.5% (w/v) RGD-GG, however the 0.15 % (w/v) and 0.3 % (w/v)
gels were also susceptible to cell settling, with cells observed to progressively accumulate
on the well base over the 6-day culture period. For those cells which remained
encapsulated throughout the 6-day culture period, the size and number of neurites
formed was substantially below levels previously observed for 2D and collagenencapsulated PC12 cell populations. Figure 3.25 below presents bright-field and
immuno-fluorescence images of typical PC12 cell differentiation behaviours in 0.5 %
(w/v) RGD-GG gels, as well as equivalent populations in NaGG gels, collagen gels and
2D TCP controls. In all four environments, PC12 cells were found to be predominantly
ß-III tubulin positive (red fluorescent). Despite greatly reduced cell clustering compared
with NaGG-encapsulated cells, RGD-GG encapsulated PC12 cells still exhibited very low
rates of neurite extension. In line with previous results, these differentiation conditions
were observed to induce elaborate neuronal outgrowth from PC12 cells in collagen and
2D culture environments.
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Figure 3.25: PC12 Cell Differentiation in NaGG, RGD-GG, Collagen and 2D: Brightfield (A1-D1) and
immunostained fluorescence (A2-D2) images of PC12 cells after 6 days of differentiation in 0.3 % (w/v)
NaGG (A1, A2) or RGD-GG (B1, B2), collagen (C1, C2) and 2D tissue culture plastic controls (D1, D2).
Immunostaining targeted the neuro-filament protein ß-III tubulin (red) and was counterstained with the
nuclei marker DAPI (blue). Scale bars represent 50 µm.

The relatively poor neurite extension from PC12 cells in RGD-GG compared to either
collagen or 2D was disappointing given the intention to apply RGD-GG as an axonal
guide. However, the peptide modification of gellan was evidently effective at improving
cell adhesion, with reduced cell clustering and higher metabolic activity observed in
RGD-GG encapsulated PC12 cells. These results were similar to those performed with
PC12 cells on RGD-functionalised surfaces, which showed that the material enhanced
proliferation rates without inducing significant morphological changes [198, 199].
However, RGD-GG was evidently more suitable for other tissue engineering
applications. Specifically, the differentiation behaviours of C2C12 cells were
substantially improved in RGD-GG compared to NaGG, indicating the material may be
highly beneficial for muscle regeneration. Subsequent studies, which will be described
fully in Chapter 5, also revealed RGD-GG to be a highly favourable medium for the
growth of primary cortical neurons, and may be applied in models of the central nervous
system. Such differing cell responses to a single material are common in tissue
engineering, and confirm the previously identified need to optimise materials to the
specific targeted application [271]. However, in experiments presented here, no RGDGG conditions were identified that provided acceptable levels of PC12 cell
differentiation. Further optimisations of RGD-GG for PC12 cells is certainly possible,
notably through increasing the density of RGD sites, which is known to impact the
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behaviour of attached cells [197, 272], or binding RGD-sites in specific local
microstructures, which are known to influence the differentiation behaviours of many
cells, including PC12s [273, 389, 390]. However, at this juncture it appeared more
rational to design the PNG as a multi-material system, where the primary axon support
was provided by collagen, with NaGG, RGD-GG and similar materials being applied as
supportive layers within the construct to leverage their favourable processing properties.
Methods for forming such multi-phase PNG structures combining collagen, gellan and
other structural materials will be explored in Chapter 6.

3.4 Chapter Conclusions

This chapter has described the development and assessment of soft hydrogel materials
intended primarily as cell scaffolding layers within a peripheral nerve guide. The
emerging biopolymer gellan gum was assessed in terms of its processability, mechanical
properties, microstructure and ability to support cell viability and neural differentiation.
GG could be readily processed into freestanding hydrogels that could encapsulate a
variety of cells with high viability. Under compression, unmodified GG hydrogels were
weaker and more rigid than ideal neural tissues, with mechanical properties being similar
to other polysaccharide hydrogels, notably alginate. When grown in GG alone, both
L929 and PC12 cells were found to maintain high viability, however neurite extension
from encapsulated PC12 cells was substantially diminished compared to 2D controls.
Type-I collagen was explored as an alternative material, closely aligned with the natural
nerve extracellular matrix. Collagen isolated from rat-tails was assessed in terms of
material properties and gelation behaviour. When neutralised at room temperature, a 510 minute processing window was available in which type-I collagen could be processed
with cells prior to setting. Collagen hydrogels processed in this manner were found to
support very high rates of differentiation for encapsulated PC12 cells, in line with
previous reports on the material. In an attempt to combine the versatile processability of
GG with improved cell-support capabilities of collagen, GG was coupled with the cell
binding peptide G4RGDSY. Successful coupling of the peptide to GG was achieved
using purified NaGG, and optimised for a variety of key conditions. MTS assays
performed on PC12 and C2C12 cells proliferating in RGD-GG revealed both cell types
exhibited an enhancement in total cell metabolic rates compared to cells grown in
unmodified NaGG. The C2C12 skeletal muscle cell line additionally showed enhanced
differentiation behaviours when grown in RGD-GG hydrogels, however these results
were not replicated by PC12 cells. The RGD-GG material did not match type-I collagen
in terms of the level of neurite extension from PC12 cells, a key requirement for
application within a PNG. Based on these results, RGD-GG appears to have significant
potential in some applications of tissue engineering, however PNGs are likely to retain
greater functionality if designed as a two-phase system that includes collagen as the
primary neural support layer alongside GG as a processable sheath material.
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Chapter 4:

CONDUCTORS AND
STIMULATION

E

lectrical stimulation is one of the major research avenues for improving axonal
regeneration following peripheral nerve injury. Organic conductors including
.
carbon nanotubes, conducting polymers and graphene are highly regarded for
their ability to provide an interface between traditional electronics and living
tissues. This chapter focuses on the development of organic conductor surfaces, with
particular focus on their potential to be employed as stimulating electrode components
within a multifunctional PNG.
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4.1 PEDOT Biodopant Screening

The conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) has shown great
promise for in vivo electrical stimulation, recording and controlled drug delivery [100,
101, 267]. A key element of the conducting polymer system is the dopant, a
counterbalancing charged species that is indispensible to the conduction mechanism. To
date, PEDOTs have been most commonly applied with polystyrene sulfonate (PSS)
[391], an artificial dopant polymer that provides excellent support for PEDOT’s
electrical properties but minimal biofunctionality. In this section we explored a number
of potential biological dopants for the PEDOT system, seeking to uncover materials that
offer the potential of a biofunctional PEDOT, whilst maintaining its conduction
properties.

4.1.1 Chemical Polymerisation
A range of potential PEDOT doping biopolymers were selected such that all possessed
long, linear polymer chain structures and suitable polyanionic charge state, favouring
materials found naturally in the extracellular matrix (ECM) environment. Hyaluronic
acid (HA), chondroitin sulfate (CS), kappa carrageenan (k-CG) and dextran sulfate (DS)
were trialled alongside the most prominent polymer dopant of PEDOT, polystyrene
sulfonate (PSS). This first step in the screening process involved attempting chemical
polymerisation of PEDOT in the presence of these dopants solvated at 1:1, 1:2 and 1:3
(w/w) ratios (PEDOT:dopant), followed by dialysis purification. In all cases, the
dispersions were observed to develop a dark-blue colouration (Figure 4.1) over a period
of 24-48 h, indicative of the successful conversion of EDOT monomer to PEDOT. HA
solutions were highly viscous and reacted more slowly than the other systems, however
the resulting dispersions appeared to be well formed and stable. PEDOT:CS was initially
dispersed, but macroscopically separated 3-4 days following preparation. Both PSS and
DS appeared to support well-dispersed PEDOT and were stable for at least a month,
however the highest weight ratio of PSS (3:1) was observed to form as a thermally
reversible gel. All doping ratios of k-CG were observed to form irreversible gels, likely
due to ionic cross-linking of the carrageenan by one of the numerous charged species
available in the redox system. Due to a lack of processability, carrageenan was excluded
from further study, whilst the other systems were retained for further investigation.
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Figure 4.1: Biodoped PEDOT Dispersions: EDOT was chemically polymerised with doping agents
including (A1) chondroitin sulfate, (A2) dextran sulfate (A3) polystyrene sulfonate (A4) hyaluronic acid
and (A5) kappa carrageenan. (B) Resulting dispersions were uniformly deep-blue, indicative of successful
EDOT polymerisation, however the choice and loading of dopant significantly impacted the physical
properties and stability of the dispersions.

4.1.2 UV-Vis
The absorbance profiles of dispersions of purified biodoped PEDOT were obtained
between 400 and 1100 nm (Figure 4.2). Two notable features of these spectra provide an
insight into the impact biodopant selection has on the PEDOT system. Firstly, all tested
systems exhibited an absorbance peak around 790 nm. This peak is in line with the deep
blue appearance of PEDOT dispersions, and is associated with the polymerisation of
EDOT monomers. In many cases, these peaks were supplemented by a shoulder region
extending into the infrared, in some cases absorbing more strongly than the peak at 790
nm. This shoulder region is common in highly conductive PEDOT, and is associated
with the degree of electron delocalisation along the PEDOT chain [392]. A large
shoulder region is indicative of a high level of electron delocalisation and fundamentally
good conductivity along the polymer. Comparing the ratio of absorbance at 1100 nm
against the peak at 790 nm for each system (Figure 4.2: E) provides an insight into the
dopant’s ability to support the fundamental conductivity of PEDOT. In line with
previous reports, doping with PSS provides excellent support for PEDOT conduction,
[393]. The 1100/790 nm absorbance of 1:1 PEDOT:PSS, however, was exceeded by all
three doping ratios of dextran sulfate, providing encouraging evidence for the
application of this system of biodoped PEDOT. At a high doping ratio, CS was also seen
to yield a substantial shoulder region, however 1:1 PEDOT:CS and all of the tested
PEDOT:HA systems exhibited a 1100/790 nm absorbance ratio lower than 1, indicative
of poor fundamental conductivity along the PEDOT chain. Based on this data, it
appears that dextran sulfate provides the best support for PEDOT conductivity among
the tested biodopants, with 1:3 PEDOT:CS also having some potential.
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Figure 4.2: PEDOT:Biomolecule Dispersion UV-Vis Spectra: The absorbance spectra for each doping
ratio of (A) polystyrene sulfonate, (B) dextran sulfate, (C) chondroitin sulfate and (D) hyaluronic acid. (E)
The relative absorbance of the shoulder region at 1100 nm compared to the peak at 790 nm for each of the
12 tested systems.

4.1.3 Wet-State Conductivity
In order to be usefully incorporated into a PNG, the biodoped PEDOTs were required to
possess sufficient wet-state conductivity to enable the application of electrical
stimulation via printed or wet-spun PEDOT wires. The wet state conductivity of
PEDOT:biomolecule dispersions was determined by a modified electrochemical
impedance method developed by Warren et al. [322]. The bulk conductivity data
presented in Figure 4.3 confirms many aspects of the relative performance of the
dopants indicated by UV-Vis, but also highlight a significant issue with the overall
conductivity response shared by all twelve tested systems of biodoped PEDOT. In
regards to relative performance, PEDOT:DS again provided the most promising
conductivity responses of the biodoped PEDOT systems, closely matching or exceeding
the performance of the current gold standard 1:1 PEDOT:PSS. CS-doped PEDOT
provided relatively modest conductivity, and again performed best at a 1:3 ratio of
PEDOT to dopant. Finally, PEDOT:HA dispersions exhibited conductivities that were
almost an order of magnitude lower than DS or 1:1 PSS doped PEDOT and appeared to
be the least promising candidate from an electrochemical standpoint.
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Figure 4.3: Wet-State Impedance of Biodoped PEDOT: (A) Wet state measurements were made with the
aid of highly porous reticulated vitreous carbon (RVC) electrodes and laser cut wells. (B) The recorded
resistance (modulus) and phase difference (argument) during impedance analysis of PEDOT:DS over a 1
cm electrode spacing. (C) Summarised wet-state conductivities of the studied PEDOT:Biodopant systems
as well as PEDOT:PSS and saline controls. Errors and error bars represent ± 1 S.D.

Whilst these relative performances of biodoped PEDOTs were broadly in line with the
UV-Vis data, the wet-state electrochemical experiment also revealed concerning low
absolute conductivities across all tested PEDOTs, including the widely applied
PEDOT:PSS. Notably, a control sample of saline (0.9 % NaCl) had wet-state
conductivity approximately twice as high as that of the best performing biodoped
PEDOT. The cause and implications of this finding will be explored in greater depth in
Section 4.2.1, however the lack of wet-state conductivity necessitated further
electrochemical comparisons being conducted on dried films of PEDOTs, rather than
their dispersed form.

4.1.4 Cyclic Voltammetry
The electrochemical performance of the biodoped PEDOTs was further investigated by
cyclic voltammetry. Each PEDOT dispersion was drop cast as a 1 cm2 patch on ITO glass
at 70 ˚C, and then employed as the working electrode in a 3-electrode cell alongside a
Ag/AgCl reference electrode and platinum mesh counter electrode. Potential sweeps
between -500 mV and 1 V (Figure 4.4) revealed significant differences between the
redox activities of the four PEDOT systems. In this dried film form, PSS doped PEDOT
exhibited the highest difference in current flow on the forward and reverse sweeps,
indicative of relatively high capacitance and redox activity. PEDOT:DS films exhibited
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10-20 % lower current flows than PEDOT:PSS, but still presented a reversible redox
couple, associated with the peaks at –300 mV and +800 mV. PEDOT:CS films had
asymmetric current flow, indicative of irreversible or poorly reversible redox cycling.
Hyaluronic acid doped PEDOT exhibited current flows approximately two orders of
magnitude lower than those observed for PEDOT:PSS, consistent with its relatively poor
performance in UV-Vis and wet-state electrochemical tests.

Figure 4.4 PEDOT:Biomolecule Dispersion CV Spectra: CV Spectra of PEDOT films drop cast on ITO
glass substrates after doping with: (A) dextran sulfate, (B) hyaluronic acid, (C) polystyrene sulfonate and
(D) chondroitin sulfate. (E) One cycle from each PEDOT system on a uniform scale.

4.1.5 Summary of Initial Screening
Throughout these initial dopant screening trials, PEDOT:DS consistently presented as
the most promising candidate for application. Carrageenan and hyaluronic acid were
both deemed to be very poor dopants of PEDOT on the basis of their non-processability
and poor electrochemical performance, respectively. Chondroitin sulfate, however
presented a more complex case. PEDOT:CS showed some evidence of good
fundamental conductivity under UV-Vis analysis, particularly at high doping ratios, and
wet-state conductivities were also respectable when high doping ratios were employed.
Equally, CV experiments on dried PEDOT:CS films revealed some level of redox
activity, albeit with poor reversibility. Ultimately, the relatively short shelf-life of
PEDOT:CS limited its practical use as a processable dispersion, however subsequent
modifications that better form or stabilise PEDOT:CS may yet render it to be a viable
biodoped PEDOT. Nevertheless, further work here was focused on the most promising
biodopant, dextran sulfate, along with the commonly applied PSS as a control.
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4.1.6 Cell Proliferation
The fibroblast cell line L929 was used to provide an assessment of the cytocompatibility
of PEDOT:DS and PEDOT:PSS. Cells proliferating in DMEM cell culture medium
supplemented with 0.002-0.2 mg/mL of dispersed PEDOT remained highly viable, and
proliferated substantially over 96 h, irrespective of the presence or absence of PEDOT
(Figure 4.5: A–C). DNA quantification by picogreen assay (Figure 4.5: D1, D2) revealed
that exposure to PEDOT:PSS or PEDOT:DS had a minimal impact upon the
proliferation rates of L929 cells over 96 h. Initially slower cell proliferation in L929 cells
when exposed to the highest concentration of PEDOT:DS was recovered by 96 h, whilst
PEDOT:PSS exposed cells grew in line with controls initially, but exhibited a slightly
lower total population at the 72 h and 96 h time points. Most of these variations,
however, were within experimental error and the PEDOTs did not have a detrimental,
impact on cell proliferation. This consistent proliferation behaviour was notable given
the visible presence of PEDOT aggregates under the microscope at the highest tested
concentrations; the size, distribution and cell impacts of which notably differed between
the PEDOT:DS and PEDOT:PSS. In PEDOT:PSS samples, aggregates of 20-50 µm
diameter were observed, and L929 cells appeared to cluster around these aggregates,
possibly due to the high available surface area they presented. When clustered, the L929
cells adopted a more spherical geometry than the typical well-attached state seen to
dominate on TCP surfaces (Figure 4.5: C1, C2). In the case of DS doped PEDOT,
aggregates were smaller, with diameters of approximately 5-10 µm. However, unlike
PEDOT:PSS, PEDOT:DS aggregates were not located in the media, but were instead
localised either on the surface, or within, the L929 cells. This behaviour may indicate a
strong cell binding between PEDOT:DS and L929 cells, which would be consistent with
the findings of Molino et al., who studied the binding of PC12 cells on
electropolymerised PEDOT:DS films, as well as PEDOTs doped with CS and ALG,
finding DS doped PEDOTs possessed significantly stronger cell binding [113]. The
differential cell-interactions of PEDOT:PSS and PEDOT:DS presents promising
evidence that DS is indeed impacting upon the biofunctionality of the PEDOT system.
If PEDOT:DS is confirmed to be internalised into cells, the system may present an
interesting drug-delivery vehicle, combining this cell-interacting behaviour with the CPs
capacity for drug incorporation and release [102, 114]. Although our studies were
primarily directed towards employing PEDOT:DS as a surface for electrical stimulation,
this drug release capacity could potentially also be employed in the context of PNGs to
deliver NGF, BDNF and other regeneration-supporting neurotrophins.
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Figure 4.5: L929 Proliferation with PEDOT Dispersions: L929 fibroblasts proliferating on TCP in the
presence of 0.2 mg/mL dispersions of PEDOT:DS (A1, A2), PEDOT:PSS (B1, B2) or PEDOT-free controls
(C1, C2) after 2 h (A1-C1) and 72 h, (A2-C2). The growth of L929 cells was tracked using picogreen assay
for a variety of concentrations of PEDOT:DS (D1) and PEDOT:PSS (D2), with all found to minimally
impact upon the proliferation rates of the L929 cells. Scale bar represents 100 µm. Error bars are ± 1 S.D.

4.2 Alternative Synthesis Routes for PEDOT:DS
4.2.1 Issues Affecting PEDOT:DS Dispersions
The wet-state electrochemical data presented in Section 4.1.3 highlighted an overall poor
conductivity of all tested PEDOT dispersions, including the widely used PEDOT:PSS.
Saline solution (0.9% NaClaq) measured on the same system yielded conductivity
readings approximately twice that of the best performing PEDOT. UV-Vis and dry-state
CV data, however, indicated the dispersed PEDOTs were inherently conductive, at least
for the PEDOT:PSS and PEDOT:DS systems. The poor conductivity recorded in the
dispersed state is therefore most likely due to a lack of connectivity between the discrete
PEDOT particles, such that no complete conductive pathways existed through the
systems (Figure 4.6). Creating such ‘electrical percolation’ could be achieved in a number
of ways, most simply by raising the concentration of the conductive element until
complete pathways are formed, so called ‘electrical percolation’ [322]. Applying this
approach to PEDOT dispersions is problematic, however, as PEDOT nanoparticles owe
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their stability to a dopant rich outer shell that creates an ionically charged surface and
repels adjacent PEDOT particles, preventing aggregation (Figure 4.6: B). The stability of
this system is inversely proportional to both PEDOT concentration and the solution’s
ionic strength, as nearby ions cause charge-shielding effects that limit the repulsion
between adjacent PEDOT micelles. Zeta sizing and potential measurements conducted
on PEDOT:DS dispersions (Figure 4.6: C) confirmed that the addition of salt resulted in
a progressive degradation of the particle’s surface charge and hydrodynamic radius.
Physiological ionic strengths are estimated to be equivalent to 100-200 mM of NaCl,
which was also found to be the upper limit for stability even at a relatively modest
PEDOT:DS concentration of 200 mg/L. Raising the PEDOT concentration beyond this
level was observed to overwhelm the stability of the system and lead to aggregation, thus
reaching electrical percolation was not feasible at physiologically relevant ion
concentrations using this approach.

Figure 4.6: Bulk Conductivity in Water-Dispersed PEDOT: (A) Discrete PEDOT particles suspended at
low concentration and ionic strength were stable, but lacked sufficient inter-particle connectivity for bulkconduction. Increasing either PEDOT or ionic concentrations to levels sufficient for bulk-state
conduction in engineered tissues lead to PEDOT aggregation. (B) Schematic representation of suspended
PEDOT particles, which were stabilised in solution by the surface charge of the dopant-rich shell. (C) Zeta
potential and hydrodynamic radius measurements of a 1:1 PEDOT:DS suspension with increasing salt
concentration.
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Other authors have reported significant conductivities in hydrogels containing
PEDOT:PSS, such as the work of Naficy et al. [394], however their network was formed
in-situ, and conductivity was only realised at low pH, two factors that are not well suited
for biological systems, including PNGs. An alternative strategy for achieving functional
conductive layers by casting and drying films from PEDOT dispersions was also
considered. The post growth CVs reported earlier, were performed on films cast and
dried as planar electrodes on ITO glass and revealed sufficient conductivity in the
PEDOT:DS dispersions was indeed recovered following casting and drying. However,
submerging these cast films in aqueous solutions caused a delamination of the PEDOT
from the casting surface, and CVs were necessarily performed in the organic solvent
acetonitrile to maintain film integrity during measurements. Notably, once dislodged,
cast PEDOT films lacked sufficient mechanical integrity to be handled or processed
independently, and it was considered unlikely that such cast PEDOT:DS structures
would withstand the flexing required of a PNG. Overall, these observations suggested
that the application of PEDOT:DS to PNGs is likely to be reliant on either a significant
increase in the conductivity of wet-state dispersions, or a means of reinforcing and
stabilising cast PEDOT:DS films.

4.2.2 Electrochemical Synthesis of PEDOT:DS
The lack of interconnecting pathways in bulk dispersions of chemically synthesised
PEDOT:DS, along with the instability of cast structures, has emerged as a major
impediment to application of PEDOT:DS as conductive tracts within a PNG.
Electrochemical polymerisation by cyclic voltammetry (CV) is one approach to PEDOT
polymerisation that has been reported to reliably and controllably produce stable
PEDOT films from aqueous solutions [395]. The approach employs a charged working
electrode to oxidise EDOT monomers and thereby initiate free-radical polymerisation, a
role that is performed by ammonium persulfate in chemical synthesis. Applying this
technique to a multi-functionalised PNG is challenging however, as the working
electrode must either be suitable for inclusion within the PNG itself, or able to separate
from the PEDOT layer that is typically well integrated with the electrode surface.
Possible electrodes for this purpose will be discussed in Section 4.3.3, however trials of
the electrochemical synthesis approach were initially performed on the transparent
electrode material indium-tin oxide coasted (ITO) glass, to enable characterisation.
Cycling the potential of ITO glass electrodes for 50 cycles between -0.4 to +1.2 V vs
Ag/AgCl (Figure 4.7) in the presence of EDOT and DS produced a progressive increase
in the current flow, typical of the growth of conductive polymer layers [395]. Over the
course of 50 cycles, the ITO glass also developed a visible dark-blue film, consistent with
the colour of chemically polymerised PEDOT:DS.
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Figure 4.7: Electropolymerisation of PEDOT:DS by Cyclic Voltammetry: (A) Four selected cycles from
the cyclic voltammagram used to polymerise EDOT and dextran sulfate to PEDOT:DS. (B) The
PEDOT:DS film on ITO glass after 50 cycles.

4.2.3 Comparison of Synthesis Routes
PEDOT:DS films electropolymerised on ITO were compared with drop-cast films of
chemically synthesised PEDOT:DS. UV-Vis spectra (Figure 4.8: A) were nearly identical
between the two films, showing a broad peak between 700 – 800 nm, supplemented
with a significant shoulder region extending to higher wavelengths. Post-growth CV of
the films (Figure 4.8: B) were also similar in terms of both current density and peak
positions, with a shift in the oxidation peak to a more positive potential for the
electrochemically polymerised surface. Electron micrographs of films revealed a
significantly greater surface roughness in films drop-cast from chemically synthesised
PEDOT:DS, compared to electropolymerised films (Figure 4.8: C1, C2). This increase in
surface area may improve the redox reaction kinetics, resulting in the observed shift in
oxidation potential. However, the increased roughness may also contribute to the
observed instability of drop-cast PEDOT films in aqueous solvents. Electropolymerised
films were qualitatively observed to be stable when immersed in aqueous solutions
including both pure H2O and cell culture media. Given the similarity of the recorded
UV-Vis and CV spectra we believe that doping levels were similar across chemical and
electrochemically synthesised PEDOT:DS, and attribute the observed difference in film
stability to the surface integrity and relatively low porosity of electropolymerised
PEDOT:DS. In particular, we expect that the loosely packed PEDOT:DS nanoparticles
which form the drop-cast films are readily penetrated by solvent and dislodged from the
surface, as well as from one another.
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Figure 4.8: Comparison of Chemically and Electrochemically Polymerised PEDOT:DS: UV-Vis spectra
(A) Post-growth cyclic voltammagrams (B) and scanning electron micrographs (SEMs) of drop cast (C1)
and electropolymerised (C2) films alongside schematic representations of cross-sections of each film
(inserts). Scale bar represents 300 nm.

The stability of electropolymerised PEDOT:DS films in DMEM allowed for an
assessment of L929 cell proliferation when seeded onto intact films of PEDOT:DS,
which is more reflective of their likely state within a PNG than the previously described
PEDOT:DS dispersions. Microscopy of these cells over four days of growth (Figure 4.9)
demonstrated that L929 cells on PEDOT:DS surfaces developed typical flattened cell
morphologies and proliferated at rates broadly in line with both PEDOT:DS dispersion
exposed cells and control cells on tissue culture plastic. Notably, the co-localisation
behaviour observed for dispersed PEDOT:DS and L929 cells described in Section 4.1.6
was not reproduced in cells growing on cast PEDOT:DS films. We attribute this to the
increased integrity of the films, which maintains PEDOT:DS as a coherent layer that is
not available for uptake or adsorption to the cell body. Overall these studies confirmed
the low-cytotoxicity of dispersed PEDOT:DS towards L929 cells, as well as the stability
and cytocompatibility of electropolymerised PEDOT:DS films over 4 days of cell culture
conditions. The cytocompatibility of this surface towards the neural modelling PC12 cell
line was confirmed during stimulation studies that will be addressed in Section 4.4.1.
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Figure 4.9: Cell Proliferation on Electropolymerised PEDOT:DS: L929 cells proliferated over 1–4 days
exposed to dispersed, chemically synthesised PEDOT:DS (A1–A4), electrochemically synthesised
PEDOT:DS film (B1–B4) and tissue culture plastic (C1–C4). Scale bars represent 100 µm.

4.3 Graphene

At the outset of this research it was intended that chemically biodoped PEDOT would
provide a processable conductive polymer dispersion that could be directly printed as
conductive tracts within a PNG, however the lack of inter-particle connectivity in the
wet-state, along with the instability of films cast from chemically synthesised
PEDOT:DS made this strategy untenable. Electropolymerisation provided stable and
reliably conducting PEDOT:DS films, however the application of this technique to
PNGs is challenging because it is reliant on the presence of a conductive working
electrode that is thereafter intimately bound with the PEDOT. One approach for
applying electropolymerisation to PNG fabrication is to employ a working electrode
that could remain in situ within a nerve guide alongside the polymerised PEDOT.
Several viable options exist for such a templating material, including graphene, a carbon
allotrope that is itself emerging as a material for cell interfacing and stimulation. This
section covers the formation of graphene fibers, as well as attempts to employ them as a
template for PEDOT:DS electropolymerisation such that the composite fibers could be
directly processed into a prototype PNG.
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4.3.1 Graphene Fiber Spinning
Prior to this work, graphene synthesis and processing had been under active
development within our research group. Two notable advances of this research include
the development of graphene-oxide (GO) [396], a processable form of graphene in
which the edges of graphene sheets are heavily functionalised, and liquid crystalline
graphene oxide (LCGO) a form of GO distinguished by very large individual sheet sizes
[330]. These developments greatly aided the application of graphene for PNG
application for two reasons. Firstly, the functionalities of GO are critical as they greatly
enhance the water solubility of graphene, enabling a wide variety of wet-state processing
options unavailable with pure graphene. Notably this increased processability is
counterbalanced by impaired electron delocalisation in graphene sheets, impacting the
material’s inherent conductivity. As a result, the processing of GO is almost invariably
followed by subsequent chemical or thermal reduction, which removes functional groups
and restores the carbon sheet to a majority sp2 hybridization that underpins electron
delocalisation and bulk conductivity. Using this two-step approach, the group has
previously reported many processing options for graphene [396], including the wet
spinning of conductive, chemically reduced graphene fibers via a GO intermediate
[397]. The second factor of graphene research applied here is the large sheet size of
LCGO, which drives a spontaneous alignment and stacking of graphene sheets when
dispersed LCGO solutions are brought to elevated concentrations [329]. Under certain
fabrication conditions, this ordering of the LCGO sheets in solution may be maintained
throughout processing, allowing the deposition of highly aligned graphene structures.

For our study, aqueous solutions of 9-10 % (w/v) LCGO were delivered from 670 µm
spinneret into a bath containing CaCl2 and hypophosphorous acid solvated in 70:30
water:ethanol (Figure 4.10). In this system, the loss of solvent from the LCGO solution
as it is delivered into the coagulation bath favours a stacked arrangement of graphene
sheets that propagates to create a long-range alignment in the resulting fiber (Figure
4.10: C). Microscopy of fibers after reduction and drying revealed numerous grooves of
1–10 µm width, aligned along the fiber’s longitudinal axis (Figure 4.10: E). Such an
aligned microstructure is particularly exciting in the context of peripheral nerve
regeneration, as neural cells have previously been reported to be guided by topographic
cues of similar scales [68, 264]. Recently, fellow researchers have also published
encouraging results for the differentiation of neural cells on chemically reduced GO
surfaces [398]. Provided neural cells are also well supported by chemically reduced liquid
crystalline graphene oxide (rLCGO), we anticipated that the microgrooves of wet-spun
rLCGO fibers would provide a means of aligning and directing the growth and
differentiation of neural cells.
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Figure 4.10: Formation of Graphene Fibers: (A) The spinning of fibers from 10 % (w/v) dispersed liquid
crystalline graphene oxide (LCGO). (B) LCGO fibers following 12 h reduction with hypophosphoric acid
at 80 ˚C. (C) Schematic diagram of the spinning-induced alignment of LCGO sheets. (D) Air drying of
fibers performed under slight tension to preserve linearity. (E) Microscope image of a fully dehydrated
graphene fiber. Scale bar represents 200µm.

4.3.2 Physical Properties
Following their successful fabrication, the rLCGO fibers were assessed for conductivity
and mechanical properties. Mechanical testing performed under linear tension revealed
that rLCGO fibers possessed high stiffness (5-8 GPa) and moderate strength (80-100
MPa), but fibers were observed to undergo brittle fracture after a modest strain of ~1 %
(Figure 4.11: A). Interestingly, the thinner 70 µm fibers required a similar force-to-break
as the larger 110 µm fibers, despite the latter having a larger cross-sectional area. We
attributed this finding to heterogeneity in the larger fibers, resulting from relatively poor
alignment and packing of the LCGO sheets during wet-spinning with the large diameter
spinneret. Despite the observed brittleness under tension, both 70 µm and 110 µm
rLCGO fibers could be readily handled and withstood significant lateral flexing,
including under modest loads (Figure 4.11: B1–B3). These properties were in line with
those previously reported for wet-spun GO fibers [399]. Applying these rLCGO fibers to
load bearing tissues will be reliant on improving their stretchability, a goal that could
potentially be achieved through blending with elastomers such as polyurethane,
employed by Seyedin et al. [400] in the formation of stretchable PEDOT fibers. The asproduced rLCGO fibers were considered sufficiently strong for softer tissues including
nerves, as well as surviving the modest forces anticipated during PNG fabrication
processes and cell stimulation experiments.
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Figure 4.11: The Mechanical Properties of Wet Spun rLCGO Fibers: (A) Typical stress/strain response
of a fully dried rLCGO fiber during applied tension. (B1–B3) Handling rLCGO fibers including bending
(B1, B2) and load bearing (B3). (C) Summarised mechanical properties of rLCGO fibers under linear
tension.

Alongside mechanical studies, wet-spun rLCGO fibers were assessed by four-point probe
to confirm that the applied reduction process successfully regained bulk conductivity
along the fibers. Fibers were connected to the four probes with the aid of silver paint,
and a wide range of currents was applied across the outer probes. Potential
measurements taken across the inner probes (Figure 4.12: A) show a highly linear
response to applied current across several orders of magnitude from 1 µA – 5 mA for
both 70 µm and 110 µm rLCGO fibers. This linear range was observed to break down at
currents above 10 mA as excessive heating of the fibers caused annealing, however these
current densities ~200–700 kA/m2 are significantly higher than those expected during
cell stimulation. As in mechanical testing experiments, the smaller diameter fibers were
found to significantly outperform the thicker fibers, with conductivities determined to
be ~22 S/cm for the 70 µm fibers, compared with ~5 S/cm for the 110 µm fibers.
Although these conductivities are modest when compared to metallic conductors, we
expected both 70 µm and 110 µm graphene fibers to be sufficiently conductive to
template PEDOT:DS electropolymerisation. Certainly, the rLCGO conductivity values
were substantially higher than those achieved by bulk PEDOT dispersions (~10 -3 S/cm),
and presented a better option for incorporation into PNGs than the dispersed PEDOT.
When viewed together, mechanical and conductivity assessments also highlighted a
significant difference in the performance of graphene fibers correlated with the size of
the spinneret employed. Specifically fibers of ~70 µm diameter appear to have formed a
more compact stacking of graphene sheets that leads to improvements in both
mechanical and electrical performance relative to the larger 110 µm fibers. As a result,
the smaller fibers were taken forward to coating and cell stimulation experiments.
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Figure 4.12: Conductivity of rLCGO Fibers: (A) The relationship between voltage drop between the
central pins, and current applied from the outer pins during four point probe measurements of rLCGO
fibers. (B) A fiber on the measurement system. (C) The determined conductivities of 70 µm and 110 µm
rLCGO fibers.

4.3.3 PEDOT/Graphene Composites
Following the successful formation of graphene fibers, electropolymerisation of a
PEDOT:DS coatings was attempted using the CV growth protocol previously applied to
ITO films (Section 4.2.2). Growth CVs (Figure 4.13: A1, B1, C1) showed a clear
disparity between the response of graphene fibers compared to that observed for ITO
glass. Specifically, graphene fibers displayed a linear current response with no
development of redox peaks associated with conducting polymer growth. Light
microscopy of these samples (Figure 4.13: A2, A3, C2) confirmed that PEDOT:DS was
formed on ITO, but not on rLCGO fibers under the same conditions. A stainless steel
wire with similar dimensions to the rLCGO fibers was also trialled in an attempt to
determine whether the discrepancy in PEDOT synthesis was due to material choice or
electrode geometry. Although slow to develop, both CV and microscopy clearly
indicated the growth of PEDOT over 50 CV cycles on stainless steel wire (Figure 4.13:
B2, B3).
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Figure 4.13: Templated Electropolymerisation of PEDOT:DS: CV growth curves of PEDOT:DS when
employing working electrodes of (A1) rLCGO fiber, (B1) 150 µm stainless steel wire or, (C1) ITO Glass.
Microscopy of fibers before (A2, B2) and after (A3, B3) polymerisation showed dark blue PEDOT
deposition on steel wires, but no such deposition on graphene. Under the same synthesis conditions, ITO
glass (C2) developed a well formed PEDOT layer and distinct boundary between uncoated and
PEDOT:DS-coated regions. Scale bars represent 200 µm.

The lack of observed PEDOT growth on rLCGO fibers following the application of
conditions that reliably formed PEDOT on ITO or steel indicated that graphene’s
material properties were unfavourable for PEDOT electropolymerisation. Several
possible causes of this poor polymerisation were postulated. Firstly, the graphene
electrodes were of lower conductivity than metallic or ITO electrode surfaces, which may
limit the efficiency of electron transfer with EDOT monomers, as well as growing
PEDOT chains. Secondly, rLCGO is moderately hydrophobic, and resists wetting from
the aqueous solutions employed for polymerisation, which may limit the availability of
EDOT at the electrode surface. Thirdly, graphene has been recently reported to have free
radical scavenging behaviour [401], which may quench the polymerisation process by
reducing the lifetime of the free radical form of the EDOT monomer, which is a key
intermediary in the PEDOT polymerisation process [100, 391]. Finally, unreacted
EDOT monomer has limited water solubility, reported to be 2.1 mg/mL at 20 ˚C [391,
402], a factor that limits the availability of EDOT for all electrode materials, but may
also contribute to slowing the reaction kinetics on graphene surfaces.
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PEDOT polymerisation rates on rLCGO surfaces may be limited by some combination
of limited EDOT availability, low surface activity and/or a reduced lifetime of EDOT
radicals. Polymerisation conditions that allow for a higher concentration of EDOT at the
electrode surface, and thereby drive faster polymerisation kinetics, present a possible
route towards successfully fabricating PEDOT-rLCGO composites. Towards this goal,
alternative polymerisation conditions were trialled in which the water solvent was
replaced with a 50:50 ethanol:water mixture (Figure 4.14: B1–B4). This solvent afforded
higher solubility to the EDOT monomer, but lowered the solubility of the dextran
sulfate polysaccharide. 50-cycle growth CVs run under these conditions showed a
primarily capacitive response, and led to the formation of a dusty white precipitate on
the electrode surface (Figure 4.14: B2, B3). This deposited material was likely to be a
dextran sulfate precipitate driven from the ethanol:water solution, in which DS was
concentrated to saturation. Certainly, the white surface coating was not consistent with
a well-formed PEDOT polymer, and the ethanol solvent conditions were rejected as a
means of fabricating PEDOT:DS.

Another method for greatly increasing the availability of EDOT at the graphene surface,
without sacrificing the solubility of dextran sulfate in the bulk solution, was to directly
dip the bare graphene in neat EDOT monomer immediately prior to running the CV
(Figure 4.14: C1). In this case polymerisation was conducted in aqueous solution
containing dextran sulfate, but no additional EDOT. Using this approach, a partial
coating of dark blue material was achieved on the electrode surface (Figure 4.14: C2, C3)
that was likely to be polymerised PEDOT:DS. However, the layer was irregular, and CV
measurements revealed highly erratic current flows during polyerisation of EDOTdipped graphene. We attributed these observations to flow of the liquid EDOT across the
graphene surface as polymerisation progressed, altering the exposed surface area of the
graphene electrode, and also leading to the irregular coating of the PEDOT:DS layer.
Overall, whilst the method of applying neat EDOT to the electrode surface enabled the
successful polymerisation of PEDOT, the resulting coatings were not sufficiently
controlled to warrant its application as a cell-stimulation surface.
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Figure 4.14: Alternative Methods for PEDOT:DS/rLCGO Composite Formation: Several methods for
the formation of PEDOT:DS-coated rLCGO fibers were trialled including: (A1–A4) bare rLCGO fiber
working electrodes in aqueous solutions containing EDOT and DS, (B1–B4) bare rLCGO fiber working
electrodes in 50:50 ethanol:water containing EDOT and DS, (C1–C4) EDOT-coated rLCGO fiber working
electrodes in aqueous solution containing DS only. Shown are the schematic diagrams of each system
(A1–C1), microscopy of fibers following the application of 50-cycle CVs (A2, A3, B2, B3, C2, C3) and the
current recordings during four cycles of each growth CV (A4–C4). Scale bars represent 200 µm.

Despite poor results to date, several options still remain for producing PEDOT-graphene
or PEDOT-conductor composites for PNG applications. Oxidative chemical vapour
deposition, for example, has been employed to coat complex geometry devices in
PEDOT [403] and could potentially be applied to enable the fabrication of PEDOTgraphene electrodes. Alternatively, PEDOT:DS layers may be more reliably produced on
substrates other than graphene fibers. Magnesium and magnesium oxide have been
recently highlighted as conductive materials with potential as implantable, biodegradable
electronics [404], and could potentially serve as a template for the electropolymerisation
of implantable PEDOT:DS surfaces. However, prior to pursuing these alternatives, we
sought to ascertain whether continued efforts towards PEDOT:DS surface coating were
warranted by its cell-stimulation capabilities. To this end, mylar plastic coated with
rLCGO, PEDOT:DS or gold were evaluated in cell stimulation experiments to directly
compare their cell stimulation capabilities, and quantify the degree of improvement in
differentiation that could be induced by applying electrical stimulation through each of
the materials.
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4.4 Electrical Stimulation of Cells
4.4.1 Surface Stimulation
The most reliable and well-studied method for applying electrical stimulation to cells is
to directly seed cells onto a planar electroactive surface. Whilst this arrangement does
not closely reflect the likely arrangement of cells and conductors within a PNG, it
provides a mean of comparing the cell stimulating capacity of different materials. We
sought to compare PEDOT:DS, graphene and bare gold electrodes in this 2D orientation
to provide a preliminary understanding of their likely impact on neural cell
differentiation within a PNG. Graphene films were fabricated by knife-blading 7.5
mg/mL LCGO solutions containing 25 mg/mL hypophosphous acid onto mylar to a
thickness of 600 µm, followed by reduction overnight at 80 ˚C and copious washing
with H2O. PEDOT:DS surfaces were electropolymerised onto gold mylar working
electrodes by 50 cycle CV (-0.4 – +1.2 V vs Ag/AgCl at 50 mV/sec) in aqueous solutions
containing EDOT and dextran sulfate. Uncoated gold mylar was employed as a control.
Each of these electrode surfaces were joined to four-well Labtek chamber slides using
silicon adhesive and combined with platinum mesh counter electrodes to create selfcontained simulation chambers (Figure 4.15). Following sterilisation, washing and
laminin coating of these chambers, PC12 cells were seeded onto each surface at a density
of 5000 cells/cm2, and allowed to attach overnight. The media was changed to
differentiation media and cell were electrically stimulated with 2 mA, 0.1 ms biphasic
pulses applied at 250 Hz for 8 h over each of 3 days with a media change at day 2,
conditions the research group had previously employed successfully for PC12
differentiation on planar electrodes [109, 111]. Electrical potential measurements taken
during the application of biphasic pulsed stimulation (Figure 4.15: B1–B3) revealed gold
and PEDOT:DS electrodes reached similar inter-electrode potentials of ± 10–15 mV.
Despite receiving an equivalent current density, recordings from graphene electrodes
indicated significantly higher voltages (± 100 mV) were reached during stimulation.
However, these potential measurements were necessarily taken from outside the sample
chamber in order to maintain sterility of the cell population, and the recorded values are
therefore inclusive of sheet and contact resistances within the electrochemical cells. As
the knife-bladed graphene electrodes possessed higher sheet resistances than the gold
layer that underlies both the bare gold and PEDOT:DS samples, it was likely that the
range of potentials PC12 cells were exposed to on the graphene surfaces was more
closely matched with those of PEDOT:DS and gold surfaces than the potential
recordings indicated. Nevertheless, more thorough measurements of the electrochemical
behaviours of each electrode surface under cell culture conditions, notably electrical
impedance and CVs performed over varied scan rates, would be valuable in confirming
these assertions. All three electrode systems were employed for cell stimulation
experiments, controlling for an applied current of ± 2 mA.
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Figure 4.15: Planar Stimulation Electrode Fabrication: 2D stimulation electrodes of gold, PEDOT:DS
and graphene-coated mylar plastic (A1), were incorporated into cell culture wells (A2) and paired with
platinum mesh counter electrodes (A3). Electrode potentials recorded from each stimulation setup during
the application of 100 ms biphasic pulses of ± 2 mA currents.

Following three days of applied stimulation, PC12 cells were immunostained for the
neural markers ß-III tubulin, GAP43 and the nuclear stain DAPI and imaged under
fluorescence microscopy (Figure 4.16). Across all surfaces and treatment conditions,
PC12 cells were observed to differentiate, producing neurites which stained positively for
ß-III tubulin, with many cells additionally possessing GAP43-positive regions along
neurites and the periphery of cell bodies. To better understand the impacts of applied
stimulation across the three materials, the ß-III tubulin and DAPI channels were used to
quantify cell differentiation rates and neurite out growth behaviours using Metamorph
image analysis software (Figure 4.16: D). Based on this analysis, gold presented the least
supportive surface for PC12 differentiation, with 30–35 % of PC12 cells found to extend
ß-III tubulin-positive neurites on both stimulated and unstimulated gold surfaces.
However, the application of stimulation through gold did lengthen existing neurites,
with the measures of total neurite outgrowth per cell (21 ± 2.6 µm vs. 9.4 ± 1.0 µm),
average neurite length (12.7 ± 0.95 µm vs. 6.2 ± 0.37 µm) and number of branches per
neurite (0.16 ± 0.09 vs. 0.08 ± 0.04) all being higher for stimulated gold when compared
to unstimulated controls. These levels of enhancement are broadly consistent with
previously published data on PC12 cell stimulation [69, 108, 109, 111]. More notably,
graphene was observed to provide an outstanding surface for PC12 differentiation. Even
without the application of electrical stimulation, PC12 cells on graphene electrodes
exhibited differentiation rates of 80 ± 0.8 %, with an average of 2.2 ± 0.08 neurites
extended per differentiated cell. The average length (15.8 ± 1.02 µm), and branching
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rates (0.13 ± 0.05) of these neurites were similar to those achieved from stimulated gold
surfaces, whilst total neurite outgrowth (35 ± 2.8 µm/cell) was well above that recorded
for stimulated gold. Furthermore, electrical stimulation applied to graphene surfaces
elevated differentiation rates to 93 ± 0.3 %, and was also correlated with a 50 % increase
of neurite length (25.4 ± 1.51 µm) and number of neurites per cell (3.5 ± 0.14), as well
as a threefold increase in branching (0.42 ± 0.19) and total outgrowth levels (89 ± 6.8
µm/cell) compared to those of unstimulated graphene. PC12 cell differentiation was also
studied on PEDOT:DS surfaces, with observed differentiation rates of 75–80 % and
neurite morphology measures generally falling between those of gold and graphene
surfaces. Unstimulated PEDOT:DS surfaces performed comparably with those of
unstimulated graphene, extending 3.0 ± 0.12 neurites per cell at an average neurite
length of 12 ± 4.9 µm. The application of stimulation to PEDOT:DS, however, was not
coupled with a similar degree of enhancement as that observed for graphene surfaces,
with neurite growth behaviours on stimulated PEDOT:DS found to be broadly in line
with the unstimulated control.

Figure 4.16: PC12 Stimulation Using Planar Gold, Graphene and PEDOT:DS Electrodes: Fluorescence
microscopy of PC12 cells stained for ß-III tubulin (red), GAP43 (green) and DAPI (blue) after 3 days of
differentiation on (A1, A2) gold (B1, B2), graphene and PEDOT:DS (C1, C2) surfaces with (A1-C1) and
without (A2-C2) applied electrical stimulation. (D) Tabulated data records the PC12 differentiation rates
and cell morphologies quantified using the Metamorph image suite and neurite module. Scale bars
represent 100 µm. Reported errors are ± 1 S.E.
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Collectively, the results for cell stimulation on planar electrodes suggested that graphene
may present a more potent stimulation surface than either PEDOT:DS or gold for
enhancing axonal regeneration within a PNG. Indeed, the results are highly
encouraging for the application of graphene to support neural differentiation and apply
electrical stimulation across a range of applications. Although PEDOT:DS surfaces were
not as effective in enhancing neurite growth through direct electrical stimulation, they
may still present opportunities not afforded by graphene. In particular, the redox cycling
of conductive polymers may be employed as a means of controlled delivery of drugs and
neurotrophins [114, 115] and PEDOT:DS surfaces applied in this dual-purpose fashion
could potentially still outperform graphene in enhancing neural behaviour. However,
based on stimulation data, as well as the challenges associated with PEDOT:DS
fabrication and patterning, it was concluded that graphene materials should be
prioritised towards the development of an electroactive PNG.

4.4.2 Field Stimulation
As noted previously, the intimate cell/conductor contact in the 2D planar electrode
arrangement ensures a direct electrical connection to the cells, but does not necessarily
reflect the geometries in which stimulation may be applied in a PNG. From a fabrication
standpoint, the simplest method for deploying conductors within a multi-functionalised
PNG would be as an electrode cuff that would wrap externally around the guide, and
would therefore be physically separated from the biological elements of the guide,
including the axons. To investigate the impacts of electrical stimulation on cells not in
direct contact with the stimulating electrode, custom field stimulation electrodes were
designed. Two electrode designs, including a linear variant comprising a single 1 mm
wide, 4 cm long channel, as well as an interdigitated electrode (IDE) arrangement with a
1 mm wide channel run back and forth across the sheet over a 15 mm width and 4 cm
length (Figure 4.17: A), were laser cut from acrylic. Although graphene had been
recently found to be an excellent stimulation material in direct contact electrodes, field
stimulation electrodes were initially coated in gold due to the need for well-controlled
surface coatings across complex electrode geometries, achieved here through sputter
coating. Of the two designs, the IDE provided a greater working area for cell seeding,
however risked exposing the cells to irregular electric fields near the channel bends.
COMSOL modelling performed for both electrodes (Figure 4.17: C1–C4) confirmed
that the angled edged of the channel would reduce the electrical field from 100 V/m in
the linear regions, to as low as 70 V/m at the edges and impacted approximately 23 % of
the working area of the IDE. To minimise the impact of this variable field, microscope
images of cells stimulated within IDEs were selectively taken from the linear regions of
the well, where the electric fields were expected to be consistent with those of the linear
well design.
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Figure 4.17: Field Stimulation Electrodes: (A) The geometry of the gold-coated, field stimulation
electrodes. (B) The two stimulation regimes applied to cells involved 1 mA currents applied in biphasic
pulses of either 0.1 ms (narrow) or 1 ms (broad) durations, repeated at a frequency of 250 Hz. (C1–C4)
Computational modelling of the fields about the interdigitated (C1, C4) and linear (C2, C3) well designs
at equivalent potentials. (D1–D4) The measured potentials generated between the gold electrodes during
the application of narrow (D1, D2) and broad (D3, D4) pulses to IDE (D1, D3) and linear (D2, D4)
electrodes.

In planar electrode experiments, cells were stimulated with 0.1 ms biphasic pulses
repeated at 250 Hz for 8 h over each of 3 days, conditions carried forward from previous
work within the research group [109, 111]. It was anticipated that additional separation
between cells and the stimulating electrodes in the field stimulation devices would
reduce the impact of stimulation, and cells may therefore require a more rigorous
stimulation regime to induce an effect. To address this, the 0.1 ms pulses, hereafter
referred to as ‘narrow’ pulse stimulation, were supplemented by an alternative
stimulation using ‘broad’ pulses, in which the biphasic pulse was applied over 1 ms using
the same applied current. Measurements of the potential achieved across the linear and
interdigitated electrodes during each of these stimulations (Figure 4.17: D1–D4)
demonstrated that the broad pulse regime developed a higher overall electrode potential
over both the linear and IDE well designs. The broad pulses, however, were also observed
to exhibit a non-linear response, with an initially rapid rise in potential tapering over the
1 ms pulse duration. This non-linearity may be the result of an electric bi-layer formed
from ions migrating to the electrode surface from bulk solution, a process that would
serve to reduce the effective potential gradient experienced by the cells. As well as the
impacts of stimulation type, linear wells were observed to reach higher overall potentials
across both regimes, likely due to the lower total exposed surface area of gold available in
the linear channels. The impacts of the two stimulation regimes and electrode
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geometries on the behaviour of PC12 cells after 3 days of stimulation was again
determined by immunostaining and Metamorph image analysis (Figure 4.18). Across all
samples cells were observed to undergo high rates of differentiation, with between 65–
90% of cells observed to extend neurites and numerous extensive networks observed
(Figure 4.18: D). This degree of differentiation was highest for cells receiving narrow
pulse stimulation across both linear (85.1 ± 0.40 %) and IDE (88.8 ± 0.44 %) electrodes,
with broad pulsed linear (69.2 ±1.4 %) and IDEs (79.6 ± 0.38 %) roughly in line with
non-stimulated linear (67.3 ± 0.71 %) and IDE (79.2 ± 0.62 %) wells. However,
Metamorph analysis also revealed that neurite growth patterns were not strongly or
consistently correlated with the application of stimulation. For example the number of
neurites extended per differentiated cell was highest for cells in IDEs that received no
electrical stimulation (3.61 ± 0.16), followed by those exposed to narrow (3.10 ± 0.15)
and broad (2.89 ± 0.14) pulses in the same electrode geometry. In linear wells, however,
narrow pulsed cells (2.43 ± 0.09) extended more neurites per cell than those in control
wells (2.20 ± 0.10) or receiving broad pulse stimulation (2.09 ± 0.08). With regards to
neurite lengths, broad pulsed cells in IDEs exhibited the longest neurites on average
(18.0 ± 0.83 µm), followed by non-stimulated (14.9 ± 0.66 µm) and narrow pulse
stimulated (13.9 ± 0.66 µm) cells in the IDE wells. As with neurite per cell measures,
these trends in neurite length were not carried through to linear wells, in which control
wells (10.4 ± 0.82 µm) supported slightly longer average neurite lengths than narrow
pulsed (9.01 ± 0.55 µm) or broad pulsed (8.32 ± 0.57 µm) cells. Notably, many of these
metrics of cell differentiation behaviour was impacted more strongly by the design of
the electrode than the mode of stimulation applied. Specifically, cells differentiated
within IDEs exhibited consistently higher differentiation rates and neurite metrics
compared to those in linear wells across all three stimulation regimes. Importantly this
behaviour was seen even in unstimulated controls, where cell differentiation rates (79.2
± 0.62 % vs. 67.3 ± 0.71 %), neurites per cell (3.61 ± 0.16 vs. 2.20 ± 0.10) and mean
neurite length (14.9 ± 0.66 vs. 10.4 ± 0.82) were all higher in IDEs compared to linear
electrode designs. This unexpected finding indicated that there was a meaningful
difference between the two electrode designs that was not anticipated prior to the study.
Causes for this difference could conceivably include altered nutrient flow, gas diffusion
rates, or changes to the settling behaviour of cells or laminin. Properly identifying the
cause of this difference, however, was considered unnecessary given that the primary
goal of the study was to investigate the impact of field stimulation. In this regard, it was
apparent that the stimulation regimes applied here induced modest and inconsistent
impacts on cell differentiation behaviours. Moreover, planar 2D electrodes, including
those formed from gold, were observed to induce measurable improvements in neurite
lengths that were not replicated in the field stimulation arrangement. Although other
authors have reported positive impacts on neuronal outgrowth following the application
of field stimulation regimes to other cell systems [276], our data supports the conclusion
that field stimulation was overall less effective in enhancing neurite growth than contact
stimulation.
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Figure 4.18: Impact of Electrode Geometry and Pulse Width During Field Stimulation of PC12 Cells:
(A-C) Fluorescence microscopy of PC12 cells stained for ß-III Tubulin (red) and DAPI (blue) after 3 days
of differentiation between interdigitated (A1-C1) and linear (A2-C2) gold electrodes delivering broad
(A1, A2), narrow (B1, B2), or no (C1, C2) biphasic pulses. (D) Summary of the PC12 differentiation rates
and cell morphologies quantified using the Metamorph image suite and neurite module. Reported errors
are ± 1 S.E. Scale bars represent 100 µm.

4.4.3 Fiber Stimulation
The absence of consistent improvements in PC12 cell differentiation or alignment
following field stimulation indicated that there is a need for intimate contact between
cells and their stimulating electrode. In the context of a PNG, ensuring that an active
electrode surface remains in close proximity to regenerating cells requires the
incorporation of conductive tracks internally within the guide. Forming a mechanically
robust PNG that includes preformed conductors alongside cell-supportive layers is a
complex fabrication challenge, one that will be explored in detail in Chapter 6. However,
the wet-spun rLCGO fibers produced here provided a promising material for this
purpose, particularly given their micro-grooved topography and the excellent
performance of planar graphene electrodes reported in Section 2.3.14. To assess the
potential of wet spun graphene fibers as a stimulation platform, the rLCGO fibers
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produced earlier (Section 4.3.1), were suspended within a tissue culture chamber,
sterilised and laminin coated as described in Chapter 2 (Section 2.3.16). After seeding
the wells with a population of PC12 cells, the fibers were electrically stimulated with 1
mA ‘narrow’ (0.1 ms) biphasic pulses for 8 h / day over three days. As with planar and
field stimulation systems, these cells were immunostained against ß-III tubulin, GAP43
and DAPI, and imaged by fluorescence microscopy (Figure 4.19).

Figure 4.19: PC12 Cells Differentiated on Electrically Stimulated Graphene Fibers: PC12 cells
immunostained for ß-III tubulin (red), GAP43 (green) and DAPI (blue) three days after seeding onto (A1,
A2) laminin coated glass, (B1, B2) unstimulated reduced liquid crystalline graphene oxide fibers and (C1,
C2) rLCGO fibers exposed to 250 Hz biphasic pulse stimulation for 8 h / day over a 3 day period. Scale
bars represent 100 µm.

From these images it was clear that cells had settled across both the laminin-coated glass
base (Figure 4.19: A1, A2), and graphene fibers (Figure 4.19: B1, B2, C1, C2). Those cells
on the well base were observed to undergo a similar degree of differentiation to that
observed for PC12 cells on other planar substrates. The PC12 cells adhered to graphene
fibers however, not only exhibited high rates of differentiation and long neurite
projections, but those neurites were observed to align along the fibers across both
stimulated and unstimulated samples. Tracing neurite paths along the graphene fibers
(Figure 4.20) showed the alignment effect more clearly, with the majority of neurites on
graphene fiber substrates found to track within ± 10˚ of the graphene fiber’s
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longitudinal axis, whilst neurites cultured on the 2D surface were randomly distributed.
The presence of this effect on the both the stimulated and unstimulated graphene fibers
indicated that this guidance was likely attributable to the topography of the fibers, rather
than the applied stimulation. Axonal alignment is a highly favourable trait for nerve
guidance channels [66], and even if topographic alignment was the only effect induced
by the inclusion of graphene fibers they may still warrant inclusion in a multifunctionalised PNG. However, the inherent conductivity of graphene fibers additionally
rendered them suitable for stimulation, and the 2D stimulation study confirmed that
stimulated graphene improved differentiation rates of PC12 cells over and above the
levels observed on unstimulated graphene materials. A similar effect was arguably also
visible in graphene fiber experiments, however the curved and opaque nature of
graphene fibers impaired the ability to obtain consistent and uniformly focused images
required for accurate quantification using image analysis software. Nevertheless, we
believe that these results support the inclusion of graphene fibers as a dual-purpose
conductor and topographic guide within a multi-functional nerve guide.

Figure 4.20: Neurite Alignment on Graphene Fibers: The direction taken by the neurites of 30 PC12 cells
after differentiation on electrically stimulated rLCGO fibers (A), unstimulated rLCGO fibers (B) and
planar coverslip glass (C). For A and B, the horizontal (0–180˚) axis is aligned with the graphene fiber,
whilst the axes are arbitrary for C.

4.5 Chapter Conclusions

This chapter has followed our exploration of new materials for the electrical stimulation
of regenerating nerves. Experiments initially focused on doping the conductive polymer
PEDOT with biopolymer dopants including dextran sulfate, hyaluronic acid,
chondroitin sulfate and carrageenan, alongside the well-studied polystyrene sulfonate.
The physical and electrochemical properties of these polymers were investigated using
UV-Vis spectroscopy, electrical impedance analysis, cyclic voltammetry and dynamic
light scattering, collectively revealing PEDOT:DS to be a promising alternative to the
widely used PEDOT:PSS. However, these studies also highlighted that the chemically
polymerised dispersions of PEDOT:DS were not conductive in the bulk state, attributed
to a lack of electrical percolation at achievable PEDOT:DS concentrations. This factor
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prevented the application of chemically synthesised PEDOT:DS in its intended role, as a
processable conductor for the fabrication of conductive tracts within a PNG.
Electrochemical synthesis routes for PEDOT:DS were explored as an alternative, and
found to successfully form continuous and conductive surfaces that were promising for
cell stimulation. Applying this technique to PNG fabrication is challenging however, as
it is reliant on both conductive base material, as well as a means of accurately patterning
preformed conductive tracts within a soft gel fiber.

The organic conductor graphene was initially explored as a flexible and potentially
implantable templating material for PEDOT:DS polymerisation. Liquid crystalline
graphene oxide was successfully wet-spun into multi-meter long fibers and then reduced
to a conductive form (rLCGO). Drying these fibers under tension supported the
formation of highly linear fibers with aligned microscopic grooves attributed to the
stacking of the graphene sheets during wet-spinning. Attempts to functionalise the
surface of these graphene fibers with PEDOT:DS were only modestly successful, with
PEDOT:DS coatings found to develop unevenly across the fiber surface, and only after
fibers were coated with neat EDOT monomer prior to synthesis. Even without PEDOT
functionalisation, bare rLCGO fibers were attractive for inclusion within a PNG due to
their potential for combining topographic guidance with electrical stimulation.

Electrical stimulation was applied to PC12 cells seeded onto surface electrodes of
PEDOT:DS, graphene and gold, and all were confirmed to enhance cell differentiation
behaviour. In this arrangement, graphene surfaces supported the highest rates of cell
differentiation and neurite extension, justifying the material’s application within a
PNG. Two alternative field stimulation systems with no direct contact between PC12
cells and the stimulating electrodes were also developed, however the application of
stimulation from these electrodes had only a limited impact on the morphology and
differentiation behaviour of PC12 cells across all metrics. Together, these findings
indicate that stimulation applied to regenerating nerves would be most effective if
delivered from conductors internal to the PNG and in close contact with cells, rather
than via external electrodes. Graphene fibers were deemed to be an attractive means of
stimulating and regenerating axons as they simultaneously provided both topographical
guidance and the opportunity to electrically stimulate attached cells. PC12 cells attached
to electrically stimulated graphene fibers were seen to differentiate at high levels, and
developed aligned neurite outgrowths. Notably, these effects were only observed for cells
in direct contact with the graphene, and fabrication processes of the PNG should
endeavour to ensure axons are in close proximity to the conductive fibers. Chapter 6
explores methods for fabricating multi-functionalised PNG structures including the
delivery of cells and preformed graphene fibers in close proximity.
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Chapter 5:

HAND-HELD BIOPRINTING

F

ollowing the development of new cell support and conductive materials, we
sought a straightforward system for combining these materials into simple 3D
.
structures to assess their efficacy prior to fabricating more complex PNG
structures. We discovered that few rapid screening tools yet exist in the emerging
field of biofabrication and sought to develop a hand-held bioprinting device that enabled
the rapid screening of bioinks, cells and structures with a minimal impost of time and
cost. This chapter describes the development, refinement and application of those tools.
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5.1 Initial Prototype
5.1.1 System Development
As noted in the introduction (Section 1.3.2), a key factor for successful 3D printing is
the rapid transition in the mechanical properties of the precursor material, such that the
initially flowing or malleable material is rendered solid soon after deposition.
Bioprinting places additional demands on this process, in particular that the materials
and processes involved in this transition are mild, and do not significantly impair the
viability and proper function of processed cells. The ionic biopolymers gellan gum and
alginate are well suited to this purpose as they rapidly form hydrogels when exposed to
divalent cations, most commonly Ca2+, and are additionally able to support viable cells.
These hydrogel forming polymers have previously been used to pattern cells in various
commercial and research-grade biofabrication systems [215, 228]. However, many of
these systems are large, automated platforms containing 3-axis stages, control
computers, temperature control systems and receiving baths, and are additionally reliant
on CAD software to prepare printable files [133]. Whilst beneficial, all of these auxiliary
systems add to the size, cost and complexity of the bioprinter, which was counter to our
aims of forming a simple, portable tool tailored to rapid screening. To this end, our
system was designed around a reactive printing approach, whereby the biopolymer and
Ca2+ solutions were combined at the point of printing, eliminating the need for both a
receiving bath and temperature control systems. This reactive printing was achieved
using a custom designed coaxial print head, whereby biopolymer solutions flowing from
a 24-gauge internal lumen were combined with CaCl2 flowing from a concentric 17
gauge needle. This arrangement ensured a very high contact area was achieved between
the two precursor solutions, bringing about a rapid gelation of the biopolymer. To
minimise the cost and complexity of the bioprinting system, this reactive printing
approach was applied as a hand-held device to eliminate the requirements for an
automated stage, control computer and CAD software. A KD Scientific syringe pump
was used to deliver finely controlled flow rates of CaCl2 solution to the coaxial needle,
whilst a biopolymer-loaded syringe was directly attached to the inner needle port and
could be manually depressed to deliver biopolymer (Figure 5.1). In this system both the
tip’s position and the biopolymer delivery were controlled by hand, allowing freeform
drawing of solid and self-supporting hydrogels.
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Figure 5.1: Prototype Hand-Held Bioprinter: (A) The coaxial print head employed for reactive printing.
(B) Detail of the coaxial print head nozzle, scale bar represents 500 µm. (C) Diagram of the printer system,
incorporating a hand controlled syringe of biopolymer and a syringe pump delivering cross-linker
solution via the coaxial print head. (D) Photograph of the system in operation. (E) Schematic diagram
showing the flow of biopolymer (red) and cross-linker (blue) solutions through the print head.

5.1.2 Concentration Optimisation
A major factor in determining the success of hydrogel printing using the hand-held
device was appropriately matching flow rates and concentrations of both the biopolymer
and calcium chloride solutions. For instance, it was quickly discovered that this system
worked best when the syringe pump was used to deliver small volumes of concentrated
CaCl2, rather than larger volumes of dilute CaCl2. As a first optimisation step, we
screened a wide range of concentrations that were suitable for gel printing when using a
CaCl2 to biopolymer flow rate ratio of ~1:10. GG and ALG solutions were prepared with
polymer concentrations of 0.1, 0.2, 0.5, 1 and 2 % (w/v) in Milli-Q H2O. Similarly,
CaCl2 stock solutions were prepared with concentrations of 0.05, 0.1, 0.2, 0.5 and 1 M.
Each possible combination of these solutions was loaded into the prototype bioprinter
and used to print simple cylinder-shaped hydrogels, where the gel properties allowed.
Gels formed by this process (Figure 5.2) exhibited drastically varied structures, ranging
from unsolidified liquids, pyramidal structures, smooth self-supporting gels, and finally
brittle agglomerated gels at the highest tested concentrations. GG was observed to form
workable hydrogel structures across a wide range of concentrations of both polymer
(0.2–2 % (w/v)) and CaCl2 (0.1–1 M). Freestanding GG gels with good inter–layer
integration were observed between 0.5–1 % (w/v) polymer and 0.5–1 M CaCl2. ALG also
formed freestanding hydrogels, albeit over a smaller range of CaCl2 (0.5–1 M) and
polymer (1–2 % (w/v)) concentrations. Of these, the highest tested concentrations
yielded the most robust gels, suggesting that there may be capacity for additional
improvements at higher concentrations.
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Figure 5.2: Optimising Reagent Concentration for Reactive Printing: (A, B) Examples of the structures
generated from printing solutions of gellan gum (A) and alginate (B) with 0.5 mM CaCl2. Gels were
arranged from highest to lowest polymer concentration (2 % to 0.1 % (w/v), left to right). (C, D) Tables
report printable ranges for both GG (C) and ALG (D), with hydrogels being classified as fully freestanding
(green), transitional (yellow) or fully fluid (red). Optimal conditions are marked with blue dots.

5.1.3 Mechanical Properties of Printed Hydrogels
Mechanical properties are an important consideration in the application of hydrogels in
tissue engineering. Mechanical analysis was conducted to quantify the impact of
printing on the mechanical properties of printed gels under optimal printing conditions
for gellan gum (0.5 % GG, 500 mM CaCl2, 1:10) and alginate (2% ALG, 1M CaCl2,
1:10), as well as a reinforced ionic-covalent entanglement (ICE) hydrogel (see appendix
section 8.1). Reference gels were formed by casting from hot solutions containing both
biopolymer and CaCl2 at concentrations equivalent to those delivered during printing.
Under linear compression, these cast gels underwent an initial elastic loading phase
followed by multiple failure transitions (Figure 5.3: A1, A2), behaviour typical of swollen
polymer networks which most commonly fail via the formation and rapid propagation
of cracks. Printed gels, in contrast, exhibited neither elastic regions nor sharp failure
transitions, and were instead observed to progressively crumple under the applied load.
This behaviour was attributed to a presence of flaws within the printed hydrogel, caused
by incomplete bonding between the printed layers. The rapid gelation of GG and ALG
with Ca2+, required for successful printing, implies that layers would largely internally
cross-link before subsequent layers can be deposited. The relative weakness of inter-layer
binding compared to intra-layer binding enables the propagation of cracks along the
layer junctions with minimal resistance, leading to crumpling in the bulk hydrogel
(Figure 5.3: B1–B3).
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Figure 5.3: Mechanical Integrity of Printed Gels: (A1–A3) Typical stress/strain curves recorded for the
compression of printed and cast gels of (A1) 0.5% GG, (A2) 1 % ALG and (A3) A reinforced ICE gel
formed from GG, gelatin and genipin. (B1–B3) The failure mechanism for printed gels of 1 % (w/v) ALG
involved progressive crumpling with the expulsion of water. (C) A summary of the key compressive
mechanical properties of each gel system.

As well as alginate and gellan gum hydrogels, mechanical tests were also performed on a
hydrogel comprising genipin, gelatin and gellan gum (G 3) which had been reinforced by
a dual-networking approach known as an ionic-covalent entanglement (ICE). The
development and assessment of several ICE hydrogel networks, including G 3-ICE, is
described in the appendix (Chapter 8). Briefly, the G 3-ICE hydrogels supplement the
ionic GG-Ca2+ network with a covalent network formed from gelatin, and genipin, a
biocompatible and anti-inflammatory agent known to cross-link gelatin. The system
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was originally developed by Dr. Damien Kirchmajer, who reported excellent mechanical
performance [328]. We additionally confirmed the cytocompatibility of G 3-ICE
hydrogels towards L929 and PC12 cells, as described in the appendix (Section 8.1.2.3).
To assess the printability of this ICE gel, gelatin/gellan/genipin dispersions were initially
formed at the reported casting concentrations of 1 % GG, 1.75 % gelatin and 0.44 %
genipin. Initial trials printing this formulation, however, were hampered by poor flow
behaviours and intermittent tip clogging, attributed to the temperature-dependant
setting of gelatin. As reported earlier (Section 5.1.2), optimal printing of pure gellan
gum solutions was obtained using 0.5 % (w/v) gellan gum and 500 mM CaCl2, printed
in a 10:1 ratio. Reducing the ICE gel precursor solutions in line with these levels (0.5 %
(w/v) GG, 0.875 % (w/v) gelatin and 0.22 % (w/v) genipin) and warming solutions to
40 ˚C prior to printing enabled ICE hydrogel printing, including the formation of
printed line patterns. Using this formulation, printed ICE gels were formed and
compared to cast gels with equivalent polymer loading. Printed ICE gels had lower
moduli, ultimate strengths and ductility than cast counterparts, (Figure 5.3: C), however
the impairment was far less than for GG or ALG single networks. For example, printed
ICE gels exhibited a compressive modulus of 84 ± 18 kPa, representing ~43 % reduction
compared with the cast system (147 ± 19 kPa). In contrast, pure GG gels suffered ~74 %
impairment of compressive modulus as a result of printing, with similar losses observed
for ALG (~70 %). This trend was even more significant for ultimate strength and
ductility, as printed gels exhibited negligible elastic responses under load, whilst printed
ICE gels were ductile to around 23.4 % compressive strains. The relative resilience of
printed ICE gels compared to GG and ALG networks was likely the result of two factors,
being the crack mitigating properties for double network gels, as well as the slow
forming covalent gelatin/genipin network bridging flaws in GG networks postprinting. Based on this evidence, we believe dual and ICE networking present promising
avenues for the rapid fabrication of mechanically robust gels without moulds or postprocessing. This conclusion is supported by other work by Bakarich et al. who processed a
number of reinforced hydrogels using computer controlled additive fabrication tools
[331].

5.1.4 Printed Cell Viability
A critical requirement for the 3D-bioprinting of cell-laden scaffolds is the maintenance
of high levels of viability in printed cell populations. The impact of the printing process
on cell viability was assessed using the L929 rat fibroblast cell line. Pellets of L929 cells
were resuspended in 1 % (w/v) GG and 2 % (w/v) ALG to yield biopolymer/cell
suspensions with a final cell density of 2x106 cells/mL, which were then printed
alongside 1 M CaCl2 using the hand-held system. Formed gels were soaked in growth
media and maintained in culture (37 ˚C, 5 % CO2) for 2 h and 48 h, followed by
staining with cell viability markers calcein AM and propidium iodide. Fluorescence
microscopy of stained cells (Figure 5.4) revealed that an overwhelming majority of cells
remained viable, regardless of material choice or print conditions. Quantitative analysis
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using Metamorph image analysis software showed cell viabilities were in excess of 97 %
across both printed and cast gels, and viability in printed gels was not significantly
different from that of cast gel controls (Figure 5.4: F). Further, all gels exhibited
comparable levels of cell viability to those of control cultures in 2D on standard tissue
culture plastic after 2 h. By 48 h, cell populations in 2D culture had higher viabilities
than their 3D encapsulated counterparts, however all populations remained highly
viable. These results provided encouraging evidence that the printing process did not
adversely affect the viability of L929 cells, however this cell line is notable for its
resilience. Developing the technique for specific regenerative medicine applications
should include testing cell types and structures relevant to each specific application. For
PNGs, the survival and health of neural and glial cell types is particularly important, and
the application of the hand-held printing system to the patterning of neural cells will be
described later in this chapter (Section 5.3.5). Attempts were also made to confirm that
high cell viability was also achieved in printed G 3-ICE hydrogels, however fluorescencebased viability assessments in these samples were impeded by the deep blue colouration
of genipin. This gel pigmentation substantially increased background fluorescence in
samples stained with calcein/PI, preventing quantification by the image analysis
methods previously applied to ALG and GG gels. A more thorough discussion of this
issue and G 3-ICE cytocompatibility is included in the appendix to this thesis.

Figure 5.4: Cell Viability Following Hand-Held Printing: The impact of printing cell viability was
assessed using the L929 cell line in 1 % (w/v) GG (A printed, B cast) and 2 % (w/v) ALG (C printed, D
cast) hydrogels cross-linked using 1 M CaCl2. 2D controls (E) were formed by seeding L929 cells directly
onto standard tissue culture plastic. Calcein/PI staining conducted at 2 h (A1-E1) and 48 h (A2-E2) was
quantified using image analysis (F), and revealed cell viabilities ≥97% across all populations and time
points. Scale bars represent 200 µm.
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5.1.5 Printing Conductive ICE Hydrogels
Coinciding with the printer’s development, co-workers within our research institute
developed a system for greatly enhancing the conductivity of the gelatin-genipin-gellan
gum ICE (G 3-ICE) hydrogels, primarily for application in soft robotics [333]. The
materials employed in this system were both edible and biodegradable, making them of
particular interest for bioresorbable electronic devices, such as gastrointestinal
monitoring pills. It was considered valuable to further validate these materials by
confirming their printability with the aim of patterning digestible circuits. As the handheld fabrication approach had already been demonstrated to capably pattern the G 3-ICE
gel, the system was further employed to explore the printability of the conductive
hydrogel system.

Using the printable formulation previously identified (0.5 % GG, 0.875 % gelatin and
0.22 % genipin), G 3-ICE gels were printed and cast into cylindrical and linear moulds,
which were used to quantify the impact of printing on their mechanical and electrical
properties, respectively. In line with mechanical testing data reported earlier in this
chapter (Section 5.1.3), printed gels had a significantly reduced compressive modulus,
ultimate strength and ductility after printing (Figure 5.5: A). Shear rheological
measurements, however, indicated the reverse trend. In this case, printed gels provided a
higher response in storage and loss moduli. Furthermore, the linear viscoelastic (LVE)
region, indicative of shear ductility, was slightly extended in printed gels compared to
cast counterparts. Previously, we attributed these findings to the printing process
causing heterogeneous deposition of the hydrogel, with incomplete binding between
sequentially deposited layers acting as a crack initiation site under compression. It
appeared that these additional internal boundary layers also increased the total energy
dissipated during shear, shown most prominently by the 184 % increase in loss modulus.
As before, these changes do not preclude the use of printed ICE gels in TE applications,
however assessments of their suitability should be based on the testing of gels that have
been processed in a manner similar to that expected for the final application.
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Figure 5.5: Impact of Printing on the Properties of Conductive ICE Hydrogels: (A) Summarised data
from the mechanical and electrical assessment of printed and cast ICE hydrogels. Also shown are typical
results obtained for mechanical tests under compression (B) and shear (C), as well as electrical resistance
across varying gel lengths (D), determined as part of impedance measurements.

The electrical properties of printed and cast ICE hydrogels were assessed using the
impedance analysis method developed by Warren et al. [322] and previously discussed
with respect to PEDOT biodopant screening (Section 4.1.3). Linear ICE hydrogels with
lengths of 1–5 cm were formed by both printing and casting, and immersed in saturated
NaCl solutions. The resulting impedance curves were fitted to an equivalent circuit
containing a Warburg element in series with a resistor. Both of these elements provide
useful information pertaining to the ICE gels electrical properties. Plotting measured
resistance against gel length (Figure 5.5: D) allowed for the individual assessment of
contact resistance and bulk conductivity, with printed and cast gels found to possess
bulk conductivities of 190 ± 20 and 200 ± 19 mS/cm respectively. The Warburg
element reflects some of the more complex electrochemical behaviours of the system,
particularly ion diffusion and double layer capacitance, and both the Warburg
coefficient and capacitance are useful points of comparison between hydrogel systems.
For gelatin-genipin-gellan gum ICE hydrogels, the Warburg coefficients of the printed
and cast gels were determined to be 350 ± 30 and 322 ± 5 Ω/s1/2, respectively. The
capacitance of the printed and cast gels were 60 ± 7 and 69 ± 5 μF, respectively. Across
all three of these measures, there was minimal change in electrical properties associated
with the reactive printing process. As a result, reactive bioprinting appears to be a
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suitable tool for the formation of printed circuit elements of ICE hydrogels, albeit with
reduced mechanical integrity compared to cast systems.

Once it had been determined that ICE gels maintained high levels of conductivity
following printing, the hand-held bioprinter was employed to pattern the gel between
two reticulated vitreous carbon (RVC) electrodes, leaving a small gap in the connection
that was bridged with an LED. After NaCl soaking, the RVC electrodes were connected
to an external power source and alternating current was applied (Figure 5.6: A). In this
arrangement, the capacitive charging of the high surface area RVC electrode drives ion
flux within the gel (Figure 5.6: B) enabling the reversible powering of the LED (Figure
5.6: C1, C2). In this manner, the ICE hydrogel functions as a printable conductor that is
comprised entirely of biodegradable materials, two critical factors for its intended
application in ingestible devices. Clearly, the ICE hydrogel circuits demonstrated here
require further development and miniaturisation before they could be employed in
implantable devices. Nevertheless, this study was facilitated by the rapid assessment
provided by the hand-held biofabrication tool, and provides a good example of the
system’s value in assessing new printable materials.

Figure 5.6: Printing Circuit Elements from Conductive ICE Hydrogels: (A) Schematic diagram of the
circuit formed to demonstrate ICE hydrogels acting as conductive wires. (B) When the RVC electrodes
are charged using an external power source, Na+ and Cl- ions migrate through the gel, transferring current
to the LED’s metal contacts. (C1, C2) A printed gel circuit in off (C1) and on (C2) states.

5.1.6 Printing of Complex Structures
The usefulness of any additive manufacturing process depends greatly on its capability
to rapidly fabricate a wide variety of complex structures on demand. In a recent review
of bioprinting technologies, Dababneh et al. highlighted freedom of motion as a
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significant limitation of current biofabrication machinery [133]. In hand-held printing,
the natural dexterity of the human arm affords an exceptional flexibility to the motion
of the print head. Specifically, the wrist, elbow and shoulder collectively possess 7
distinct degrees of freedom [405], enabling manipulation of the print head in ways that
are not available using the 3 axis (x-y-z) print stages currently standard for most
bioprinting machinery. One of the most significant implications of this extra freedom is
that the construction of 3D parts does not necessarily need to be performed via the zstacking of sequentially fabricated layers. Instead, the print may be worked on
holistically, and expanded both laterally and vertically to create complex structures and
overhangs, structures which would require the prior deposition of sacrificial support
layers in order to be replicated by a bioprinter that employs a 3-axis stage. Three such
printed pieces are depicted in Figure 5.7, including self-supporting archways and
cantilevers, as well as a more complex structure based on the Sydney Opera House

Figure 5.7: Freedom of Motion in Hand-Held Bioprinting: (A) The human forelimb contains multiple
degrees of freedom that contributes to the complex motion of a hand-held print head. This freedom
enabled the production of overhangs in archway (B1) and cantilever (B2) designs, or as part of more
complex structures such as the hydrogel model of the Sydney Opera House (B3).

One biologically relevant application for such self-supporting overhangs is the
production of branching tubes, structures present in the peripheral nervous system but
more commonly associated with vasculature. To demonstrate this concept, a hollow Yjunction piece with four distinct inputs was created by hand-held bioprinting with 1 %
(w/v) GG and 1 M CaCl2. A key step in forming these tubes was the creation of a selfsupporting roof, akin to the archway presented in Figure 5.7: B1. To accomplish this, the
print tip was quickly and repetitively dragged between adjacent walls, drawing fine GG
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filaments from the print head that created a thin mesh over the channels. Once formed,
this mesh was used as a base on which to deposit more substantial roof layers that sealed
the piece. Programming such irregular printing patterns on a conventional 3-axis
bioprinter would be challenging, but can be immediately implemented from concept
using the hand-held approach. Once formed, the Y-junction was tested by the sequential
injection of CaCl2 solutions, dyed blue, yellow and red (Figure 5.8). These dyes formed
the intermediary colours green and orange in the expected manner as they combined
and flowed towards a communal outlet, confirming the presence of a continuous
internal channel. Despite successfully reproducing the shape of vasculature it is notable
that porous GG hydrogel is not itself a suitable vascular mimic. Indeed, a small
proportion of the loaded dye was observed to bleed into the surrounding hydrogel,
reflecting the incomplete seal provided by the porous GG material. To further extend
this work, it would be interesting to apply the hand-held bioprinting system for the
encapsulation and differentiation of smooth muscle cells, which have been shown to be
capable of remodelling cell scaffolds into a functional vasculature when properly
conditioned in flow bioreactors [406]. However, such vasculature bioprinting was not a
key focus for this research and was not further pursued here.

Figure 5.8: Hand-held Bioprinted Triple-Y Junction: (A) A branched hollow tube created by the syringe
pump assisted hand printing of 1 % (w/v) GG and 1 M CaCl2. Four dyed solutions of 100 mM CaCl2,
injected sequentially into the hollow core at individual inlets combined as they flowed towards the
common outlet (B1–B5). Scale bar represents 50 mm
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5.1.7 Automation
Many of the potential applications of bioprinting, including PNG fabrication, demand a
level of resolution and reproducibility that are beyond the capabilities of a hand-held
device. It is expected that hand-held devices would be best suited as a platform for rapid
prototyping and material screening, identifying promising materials and designs that
may then be transferred to high-precision bioprinting machinery. To render this transfer
as simple as possible, automated systems would ideally operate using the same reactive
printing process applied in hand-held printing, allowing a direct transfer of materials
and protocols. Towards this goal, we retrofitted an EnvisionTec Bioplotter to enable it to
operate using the reactive printing technique. The automated stage and pneumatic flow
provided by the system were augmented with a flow of CaCl2 solution delivered to the
coaxial print tip from a syringe pump via a line of silicon tubing. As expected, freestanding hydrogels formed by this system had a smoother surface finish, and were more
reproducible than similar structures formed by hand printing (Figure 5.9). This trade-off
between print quality and printer complexity is likely to dictate whether hand-held or
automated biofabrication is best suited to a particular application. This concept will be
explored in detail in the coming section.

Figure 5.9: Retrofitting an EnvisionTec 3D Bioplotter for Reactive Printing: The coaxial deposition
technique employed for hand-held bioprinting (A1) can also be used to augment automated deposition
systems with bathless printing capacity (B1). The automation of biopolymer delivery and x-y-z control
yields more highly controlled structures (B2) than those fabricated by hand-printing (A2).
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5.2 Second-Generation Hand-Held Printers
5.2.1 Refinement of Printer Designs
Whilst the prototype hand-held printing system could be used to process a variety of
materials, cells and structures, the resolution and reproducibility of hand-printed
structures was not assured. As well as control of x-y-z motion, the prototype employed
to-date relied on operator skill to match biopolymer flow rate to the flow of CaCl2
delivered from the syringe pump. Variation in the delivered ratio of these two materials
was an important factor influencing the consistency of printed hydrogels. It was
apparent from initial tests that automation improved the resolution and reproducibility
of hydrogel printing, however the retrofitted EnvisionTec Bioplotter (Section 5.1.7) was
not well suited to reactive printing, primarily because it was designed for sequential
material delivery rather than the simultaneous release required for reactive bioprinting.
In an attempt to both refine the hand-held printer’s design and quantify the costs and
benefits associated with automation, the coaxial reactive printing process was further
developed into three distinct systems with increasing levels of computer control.
Specifically, we developed a fully hand-held system with no automated components, a
syringe pump system that automated flow rate but not x-y-z placement, and a fully
automated system with both flow rate and x-y-z control. In this paradigm a fourth
possible system, in which the x-y-z position is automated but material deposition is
hand-controlled is conceivable, however such a device was considered impractical and
has not been pursued here. All three devices employ the coaxial print head to reactively
print solutions of anionic biopolymers with CaCl2.

5.2.2 Prototype I – Fully Hand-Held Device
For the fully hand-held system, we sought to create a device with no electronic or
motorised components. As noted, one of the major issues affecting the first hand-held
printing prototype was that the flow rates of biopolymer and CaCl2 solutions were not
accurately matched. It was critical therefore, that the fully hand-held device could
maintain consistent flow ratios of these two precursors despite being hand-controlled. It
was noted that a common commercial tool for the delivery of epoxy resin shared many
characteristics with the hydrogel printing system, notably a deposition of solutions from
two distinct syringe chambers that reactively convert to a solid. In this system, flow rates
are matched by employing a single plunger that drives fluid from both syringe barrels
simultaneously. Applying this concept to the hand-held bioprinter, we custom designed
two parts using Solidworks CAD software. Firstly, a dual-barrel hand piece was designed
to lock two syringes. Secondly, a cap piece was developed that would enable the two
syringe plungers to be locked together, ensuring that both could be depressed
simultaneously and equally. As noted, optimal gel printing had been previously
established when CaCl2 and biopolymer solutions were delivered in a 1:10 flow ratio. To
ensure that this delivery ratio could be maintained both pieces were designed to
accommodate syringes that possessed a 1:10 ratio of internal diameters so that driving
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the plunger an equal distance through both syringe barrels would result in a 1:10
material flow ratio. The designed parts were then fabricated from ABS plastic on fused
deposition modelling 3D-printers. Once syringes were inserted into the hand-piece and
capped, the coaxial syringe tip could be directly attached to the biopolymer-loaded
syringe and connected to the CaCl2 syringe with a short line of silicon tubing (Figure
5.10: A1, A2).

Figure 5.10: Fully Hand-Held Printer: (A1, A2) The components (A1) and fully assembled (A2) handheld bioprinter. (B) A workflow showing the steps required to set up and operate the hand-held
bioprinter.

5.2.3 Prototype II – Syringe Pump Assisted Device
In most commercial 3D printing equipment, two distinct elements of the printing
process are automated, namely material delivery and print-head motion. Whilst these
two forms of automation are most commonly applied together, there is no fundamental
reason why this is necessary. The second device we developed was a syringe pump
assisted hand-held device, which provided automated material flow rates whilst leaving
the motion of the tip under hand-control. This system was the most similar to the
prototype hand-held printer described previously, employing the Legardo syringe pump
and CaCl2 connections. In this case, the biopolymer syringe was also placed into the
syringe pump and connected to the coaxial print head with a secondary line of tubing
(Figure 5.11). As with the fully hand-held device, syringes were selected to have a 1:10
ratio of internal diameters such that the 1:10 deposition ratio (CaCl2:biopolymer) would
be maintained regardless of the flow rate the syringe pump was programmed to deliver.
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Figure 5.11: Syringe Pump Assisted Printer: (A) The syringe pump assisted hand-held bioprinter as
components (A1) and following assembly (A2). (B) Workflow showing the steps and approximate
timeframes required to set up and use the system.

5.2.4 Prototype III – Fully Automated System
The final deposition system was developed from a fully automated printing platform
first reported in Mire et al. [332] and updated by Bakarich et al. [331]. The as-reported
system employs two independently programmable linear actuators to drive material
from syringes that are housed in a custom designed ABS plastic housing. The x-y-z
motion of the print head is controlled using a 3-axis Sherline CNC stage. To enable
reactive bioprinting, the fluidic elements described by Bakarich et al. were replaced with
the coaxial print tip and silicon tubing line as described for fully hand-held bioprinting
(Figure 5.12: A1–A3). The Zaber actuators were then set to deliver CaCl2 and
biopolymer solutions in a 1:10 ratio. The automation level of this system is akin to that
of the EnvisionTec Bioplotter employed in Section 5.1.7, however the Mire-Bakarich
system had a number of notable advantages. Firstly, the system was designed to enable
the simultaneous deposition of two materials, whereas the EnvisionTec system was
optimised for sequential material patterning. Secondly, the Mire-Bakarich system
employs linear actuators to control material deposition that provides more precise
deposition control than the pneumatic system employed by the Bioplotter, whilst also
being more closely comparable to the screw driven syringe pumps.
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Figure 5.12: Fully Automated Printer: (A) Images showing the fully automated print system’s
components (A1), print head assembly (A2) and complete device (A3, control computers not shown). (B)
Workflow of the steps and approximate times required for the assembly and use of the bioprinter.

5.2.5 Print Assessment
After development of the three delivery systems, they were first compared in terms of
print quality. A reliable precursor formulation, 1 % (w/v) GG with 1 M CaCl2, was
loaded into each of the printers and patterned into three parallel lines of 1 mm line
width, 5 mm inter-line spacing and ~40 mm lengths, replicated over 5 glass slides. The
quality and reproducibility of prints was assessed by image analysis of a triple line
pattern across each of the three print systems. Lines printed using the fully hand-held
printer (Figure 5.13: A1) were observed to contain numerous kinks and bulges, flaws
that were greatly reduced when using the syringe pump assisted system (Figure 5.13:
A2). As expected, fully automated prints produced highly linear and consistent lines
(Figure 5.13: A3). To quantify these findings, image analysis tools were used to measure
line width, mid-point wandering and inter-line spacing (Figure 5.13: B1,B2). The
summarised data (Figure 5.13: C) showed a clear trend of increasing automation
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improving print quality. This increase in precision and reproducibility of prints was
reflected by the standard deviations of the tested metrics, which reflected the consistency
of flow (line width), and print head positioning (mid-point and interline spacing).
Across all three measures, standard deviations approximately halved with each increase in
the system’s level of automation. Notably, the macroscopic kinks and flow
inconsistencies present in fully hand-printed lines were largely eliminated in lines
produced using the syringe pump-assisted system. Whilst the syringe pumped lines
remained prone to variations from the intended print path, these variations were far less
detrimental to the quality of printed lines than the flow variation. Further, the very large
range of motion afforded by hand-held bioprinting remains available to syringe pump
assisted systems, but not to the fully automated system. Whilst this is not readily
apparent from the printing of line patterns, it remains likely that the overhanging
structures and complex architectures presented in Section 5.1.6 could be more readily
replicated using a syringe pump assisted hand-held device than the fully automated
device. Nevertheless, for simple 2D structures it is clear that the quality of printed lines is
positively correlated with the printer’s level of automation.

Figure 5.13: Automation-Dependent Print Quality: Triple line patterns printed using fully hand-held
(A1), syringe pump assisted (A2) and fully automated (A3) bioprinting methods were assessed by image
analysis (B1,2) in terms of inter-line spacing (Ls), line width (LW) and the vertical displacement of the
line’s centre (MPD). A summary of this data (C) confirms that increased automation corresponds to
increasingly accurate and consistent deposition. Scale bars represent 4 mm.
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5.2.6 Printer Comparison
Whilst it was observed that increased automation improved print quality, it is less clear
to what extent these improvements were counterbalanced by the relative cost and
complexity of applying this automation. Table 1 compares the reactive printing systems
across a range of metrics including size, weight, cost and operational complexity. These
metrics highlight several areas in which the hand-held devices are superior to fully
automated arrangements. For example, the 43 g fully hand-held system and ~3 kg
syringe pump system could be considered portable, a characteristic not shared by the ~28
kg fully automated station. The workflows for each system (presented across Figure 5.10,
Figure 5.11, and Figure 5.12) also highlight the relatively involved nature of operating
the fully automated device, compared to the hand-held system. Specifically, the time
required to set up and use the fully automated system (~45 mins) was substantially
longer than that required for either the fully hand-held (7 mins) or syringe pump assisted
(8 mins) variants. Although difficult to quantify, the time required to train in CAD and
machine operation for fully automated printing is also likely to be substantially longer
than the training that would be required for successful hand-held bioprinting. Further,
the relatively small size and low number of parts associated with each of the hand-held
systems may also serve to simplify sterilisation processes and reduce contamination risks
for cell printing. Finally, scientific research is typically conducted in an environment of
limited financial resources and it is notable that the three bioprinting systems require
different financial outlays. Although some research objectives inevitably demand stateof-the-art machinery, we believe that many useful research findings could be made using
the simpler and less financially demanding hand-held tools. Collectively, these
comparisons highlight the potential merits of hand-held bioprinting over a fully
automated approach. Researchers embarking on biofabrication research may benefit
from balancing considerations of resolution against cost or ease-of-use criteria. It is
hoped that these simpler tools will enable foundational research in biofabrication by
research groups for whom current commercial biofabrication machinery is prohibitively
large, complex or expensive.
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Table 1: Print System Complexity: The relative size, cost and complexity of the three reactive bioprinting
systems. Net weight excludes print material. † System workflow steps are as presented in each system’s
design section (Sections 5.2.2, 5.2.3 and 5.2.4). * System costs are reported in $AUD, and were calculated
using quotes obtained at time of printer development. These values were determined on the basis of single
machine production runs, and are likely to vary with both production run size and supplier choice.

5.2.7 Design Summary
At the outset of this chapter, we sought to create a simple bioprinting tool that provided
a platform for screening the printability of new biomaterial and cell constructs. To this
end, the syringe pump assisted system (prototype II) provided a balance of size, cost and
print quality that would be well suited to a broad range of research applications. Further
improvements to its design may render the system useful in a clinical setting, as handheld tools have been recently highlighted as a means for surgeons to repair defects that
are not accurately visualised by pre-operative medical imaging [407]. Whilst the fully
hand-held system was not ideal as a research tool, it may have potential in other
applications where the very low time, training and financial impost of the fully handheld system may be highly beneficial. Science outreach and education is one such
application for which simplicity of function may be prioritised over print resolution and
reproducibility.

Notably, hand-held bioprinting was intended primarily as a screening tool, rather than a
means of PNG fabrication. Alternative biofabrication techniques targeted specifically for
PNG fabrication are described in detail in Chapter 6. Nevertheless, we explored the use
of the hand-held bioprinting tools patterning neural cells within the RGD-GG material
described earlier in this thesis (Section 3.3). The next section documents the application
of the syringe pump assisted hand-held bioprinting device to the patterning of primary
cortical neurons and glia to form a multi-layered brain mimic.
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5.3 Hand-Held Bioprinting of Neural Cells
5.3.1 Requirements of an in vitro Brain Mimic
Despite their fine microstructures, peripheral nerves fulfil a relatively simple
physiological goal, being to transmit signals between the spinal cord and peripheral
tissues. The brain is an organ with a function that is also primarily mediated by the
activity and interconnection of neurons, however such a description belies the brain’s
incredible functional complexity. Despite centuries of research, many aspects of the
brain’s function remain poorly understood, and the functional origins of many healthy,
and pathological brain functions remain elusive [408-410]. As a result, furthering
understanding of the development and pathology of the brain’s neural pathways is a
major area of biomedical research. Towards this goal, researchers have been striving to
create in vitro tissues that closely reflect the structures of the brain in order to provide a
platform for controlled and reproducible studies of the development, electrophysiology
and pathology of the brain [411]. To date, researchers have produced 3D brain-like
constructs using silk scaffolds [412], micro-chambers [413] and micro-fluidics [414]. A
major challenge for this work remains accurately replicating the spatial organisation of
the brain segments, and in particular the cerebral cortex, where most neural processing is
performed. The cortex exists as six distinct tissue layers stacked in the medial or sagittal
plane (Figure 5.14). Each of these layers is defined by its array of neural cell types and
the connections that form between them. Producing a multi-layered, cell-laden tissue
construct that reflects cortical structure is challenging, but provided an exciting
opportunity for applying the bioprinting technologies documented throughout this
chapter.

Figure 5.14: Structure of the Cerebral Cortex: (A) A stained cross-section of the human brain showing
the cortex region (stained purple). (B) The mammalian cortex is separated into six distinct cell layers,
revealed by differential staining in a mouse model [415]. (C) Cortical layers (I - VI) are distinguished by
the prevalence, type and interconnection behaviours of resident neurons. The various neurons shown are
coloured based on whether they are efferent (magenta), afferent (blue) or fully internal (black) to the
cortex [416].
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5.3.2 Multi-Layered Printing
In seeking to fabricate a multi-layered brain mimic, it was important to confirm that the
hand-held bioprinting technique was amenable to processing multiple materials and
layers within a single print run (Figure 5.15). To this end, three 0.5 % (w/v) GG
solutions were prepared and differentially dyed to enable ready identification of
individual layers. The gellan gum solutions were sequentially delivered using the syringe
pump assisted bioprinting technique and mid-print interchange of polymer syringes,
allowing for the fabrication of multi-layer hydrogels including six-layered structures in
both vertically stacked (Figure 5.15: C) and concentric (Figure 5.15: D) arrangements.
The delay associated with exchanging syringes did not noticeably impact upon interlayer binding, and multi-layer gels could be subsequently manipulated without layer
separation. Based on these preliminary trials it was deemed that multi-layered printing
was achievable using the hand-held tools, and focus was shifted to the selection of
relevant materials.

Figure 5.15: Multi-Layer Hand-Held Bioprinting: The hand-held printing technique applied to the
formation of multi-layered structures though the iterative exchange of print syringes (A1–A3, B). 0.5 %
(w/v) GG solutions that were differentially coloured with food dye, were patterned to form 6-layer
structures in both vertically stacked (C) and concentric ring (D) arrangements.

5.3.3 Application of RGD-GG
Like most neural cells, cortical neurons are attachment dependent, and cell-matrix
interactions play an important part in defining cell differentiation and function [417].
The hand-held bioprinting technique had thus far been employed to process solutions of
commercial GG, however this material had been previously found to be a poor
encapsulation matrix for differentiating neural cells, attributed to a lack of specific cell
adhesion sites. The peptide modified gellan gum (RGD-GG) described in Section 3.3 was
developed as an alternative cell encapsulation material, bearing close chemical similarity
and processing behaviour to GG, whilst providing recognition sites to improve cell
adhesion and differentiation. Applying RGD-GG in hand-held bioprinting was therefore
178

a natural extension for both bodies of work. In initial trials, it was confirmed that RGDGG could be successfully patterned using the same concentration ranges (0.5–1 % (w/v)
RGD-GG, 1 M CaCl2) previously identified as optimal for the hand-held printing of
unmodified GG. From this starting point, several variations to the GG printing
conditions were explored for the specific application of patterning of cortical neurons.
Firstly, neural differentiation is directed, in part, by the hardness of the surrounding
substrates [418], and the modulus of brain tissue (~0.1–1 kPa) is significantly softer than
most polysaccharide gels, which are typically in the order of 10–100 kPa. Although
RGD-GG was already found to be softer than unmodified GG (Section 3.3.2), we
nevertheless sought to ensure the softest printable RGD-GG formulations were
employed for neural cell patterning. To this end, three polymer loadings at the lower
end of the printable range of GG (0.5 %, 0.15 % and 0.075 % (w/v)) were tested.
Secondly, Ca2+ is known to be a key mediator of healthy neural physiology [2, 48], as
well as neural cell death and neurodegenerative processes [419, 420]. For this reason, it
was anticipated that the concentrated CaCl2 solutions previously applied for the crosslinking of gellan gum during reactive printing might have an adverse effect on isolated
primary neural cells. To identify any significant impact, cell viability experiments were
conducted on CaCl2 cross-linked hydrogels, as well as hydrogels formed using 5x
DMEM as an alternative cross-linking agent. DMEM is an isotonic nutrient media
commonly utilised in cell culture. Even as a 5x concentrated solution, DMEM contains
substantially less calcium (~10 mM Ca2+) than the 1 M CaCl2 previously employed for
GG printing. The effects of these two modifications to the printing protocol are
discussed in the following sections.

5.3.4 Porosity and Diffusion Assessment
Hydrogels printed from RGD-GG across the three polymer loadings (0.5 %, 0.15 % and
0.075 % (w/v)) all appeared macroscopically to retain their printed shapes. To provide a
better understanding of the impacts of polymer loading on the morphological
characteristics of the hydrogels, samples were cryosectioned and assessed under a lowvacuum SEM. Figure 5.16 presents electron micrographs of these cross-sections at
varying degrees of magnification. All gels displayed high levels of porosity, characteristic
of polysaccharide hydrogels [213]. The three polymer loadings produced gels with similar
degrees of porosity, however individual pores varied substantially in size, shape and
distribution in all three gel concentrations, with pore sizes from 10–250 µm observed.
The most substantial difference between the samples was observed at pore boundaries.
The polymer membranes separating pores in gels formed from 0.075 % (w/v) RGD-GG
were observed to be highly frayed, with tears, inter-pore holes and membrane debris
visible throughout the electron micrographs. As a result of these observations, we were
not confident that the 0.075 % (w/v) RGD-GG hydrogels would remain stable in longterm cell culture. The membrane boundaries appeared more robust for 0.15 % and 0.5 %
(w/v) gels, and both of these systems were considered suitable for cell culture from a
morphological standpoint.
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Figure 5.16: Porosity of Peptide Modified RGD-GG Hydrogels: Electron micrographs of cryo-sectioned
hydrogels formed from 0.5 % (A1–A3), 0.15 % (B1–B3) and 0.075 % (C1–C3) (w/v) RGD-GG at
magnifications of 500x (A1–C1), 800x (A2–C2) and 1500x (A3–C3).

Whilst valid tool for comparison, it was noted that the freezing process required for
hydrogel cryo-sectioning and SEM may impact upon the observed porosity. To confirm
that high levels of porosity were also present in as-printed (wet-state) hydrogels, protein
diffusion rates were quantified through both GG and RGD-GG hydrogels using the
model protein BSA, tagged with a small fluorescent marker, fluorescein isothiocyanate
(FITC). By submerging cylindrical, hand-printed gels within a solution containing this
protein, the gel’s protein uptake could be tracked both through monitoring the
remaining concentration in the bulk solution (Figure 5.17: A), and by periodically
imaging the gels using fluorescence confocal microscopy (Figure 5.17: C1–C3). Both of
these techniques showed a clear uptake of the FITC-BSA from the stock solutions, with
confocal microscopy additionally confirming that this uptake penetrated the entire gel,
rather than being associated with a surface-binding effect. This data was then fitted with
theoretical diffusion curves by the method of Li et al. [334], with diffusion coefficients
of BSA through the GG and RGD-GG hydrogels determined to be 5.15 x 10-7 cm2/s and
5.78 x 10-7 cm2/s respectively. These values are only marginally lower than the BSA
diffusion rate in pure water (5.97 x 10-7 cm2/s) [421], and somewhat higher than the
levels previously reported for BSA diffusion through alginate hydrogels (0.28 – 4.62 x
10-7 cm2/s) [422, 423]. Such high levels of diffusion are particularly important in tissue
modelling systems as they enable the rapid diffusion of nutrients and cell waste products
without requiring the added complexity of vascularisation. To confirm these findings,
Mr Aaron Waters (University of Wollongong) conducted COMSOL computational
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modelling of the diffusion process to predict the migration of BSA through the gel using
determined diffusion coefficients. The resulting BSA concentration profiles (Figure 5.17:
B1–B9) closely corroborated the influx of FITC-BSA observed using confocal imaging,
providing confidence that these diffusion coefficients were indeed an accurate reflection
of protein diffusion through GG hydrogels.
Overall, this data confirmed that gellan gum hydrogels were highly permeable for large
molecules, an important factor for their application as tissue engineering scaffolds. More
notably, GG hydrogels may be significantly more porous than those formed from ALG,
which is already widely employed in tissue engineering research. Further studies that
directly compare the porosity of ALG and GG would be valuable for confirming this
important difference between the two systems, and may serve to highlight GG as a
compelling alternative to ALG for tissue engineering, particularly given the close
similarity in their processing behaviours.

Figure 5.17: FITC-BSA Diffusion Through Printed GG Hydrogels: (A) Fluorescence levels recorded
from a solution of fluorescein isothiocyanate labelled bovine serum albumin (FITC-BSA) after the
addition of printed cylinders (h=1 cm, d=0.5 cm) of 0.5 % (w/v) GG or RGD-GG. (B1–B9) COMSOL
modelling showing the concentration of FITC-BSA across a longitudinal cross-section of the gel and
surrounding solution after 0, 1, 2, 3, 4, 5, 24, 48 and 72 h, (B1–9, respectively). (C) Confocal microscopy
recorded from a z-section 1 mm from the surface of an RGD-GG gel after 0 (C1), 1 (C2) and 3 (C3) hours.
Scale bars represent 500 µm.
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5.3.5 Primary Cell Survival and Differentiation
A critical step in the application of hand-held bioprinters for neural patterning was to
assess the viability and behaviours of primary cortical neurons following printing.
Primary cortical neurons were isolated from E18 embryos of BALB/cArcAusb mice by
Rodrigo Lozano (in accordance UOW animal ethics committee approcal AEC #13/14),
and resuspended in neurobasal media at 2x106 cells/mL. These suspensions were then
mixed 1:1 with RGD-GG at 40 ˚C to form printable dispersions of 0.5 % (w/v) RGDGG at 1x106 cells/mL. This solution was then either cast or printed into culture plates,
and cell viability was monitored over five days of cell differentiation. The observed
viability rates for printed cortical neural cells after 2 h was ~75 %, significantly lower
than the rates previously reported for the L929 cell line. However, the process of
isolating cells from primary tissue is unavoidably traumatic, and a modest rate of cell
death may be expected even with careful handling. Importantly, the cells that were
patterned using the hand-held printing process showed no significant reduction in
viability compared to non-printed controls, indicating that the printing process itself
was not inducing significant additional stress to the cells. Interestingly, the choice of
cross-linking solution was found to have no significant impact on cell viability, contrary
to the expectation of a detrimental impact from elevated Ca2+ ion levels. As a result,
future printing runs were conducted using Ca2+ cross-linking. Finally, the marked
increase in the overall calcein fluorescence between the 2 h, 3 day and 5 day time points
(Figure 5.18: A1–D3) was attributed to an increase in the size of individual cells and
their developing neuronal projections, however the population continued to exhibit
modest levels of cell mortality and cell viability rates remained approximately 75 %
across all samples and time points.
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Figure 5.18: Viability of Primary Cortical Neurons in Printed and Cast RGD-GG Hydrogels: (A–D)
Primary cortical neurons were cast (A1–A3, C1–C3) or printed (B1–B3, D1–D3) into RGD-GG hydrogels
using either 5x DMEM (A1–A3, B1–B3) or 1M CaCl2 (C1–C3, D1–D3) as cross-linking agent. Images
were taken after 2h (A1–D1), 3 days (A2–D2) and 5 days (A3–D3) of growth followed by staining with
calcein (green) and PI (red). Scale bars reflect 200 µm. (E) Cell viability rates across each of the tested
samples and time points.

Despite the consistent viability rates over 5 days, drastic changes were observed in the
morphology of the encapsulated cells during this period. In particular, the RGD-GG
encapsulated cortical neurons developed a complex web of cellular projections that was
visible in all samples, regardless of the cross-linking solution or deposition method that
was employed. Whilst the identity of these extensions could not be explicitly established
using the non-specific calcein stains, it was considered highly likely that these extensions
were neuronal. To confirm this, a follow-up experiment was conducted in which the 5183

day differentiated printed cells were immunostained for the neuronal marker ß-III
tubulin, along with glial marker GFAP and nuclear stain DAPI (Figure 5.19: A). This
staining protocol revealed an extensive network of neurons and neuronal projections
that stained positively for ß-III tubulin. Additionally, confocal microscopy confirmed
that these cells and outgrowths extended through all three dimensions of the RGD-GG
gel (Figure 5.19: B), with no noticeable cell migration to the surface or death of cells in
the centre of cast gels. These observations indicated that cells were exposed to sufficient
levels of nutrient and trophic factors from the supporting media regardless of depth
within the gels, in line with the high gel porosity and rapid BSA diffusion rates
previously described. As well as differentiating neurons, a small percentage of cells
within the system stained positively for GFAP, indicative of supporting glial cells.
Additionally, these green-fluorescent regions were co-localised with clusters of highly
differentiated cortical neurons, indicating that these glial cells may have been actively
supporting neural differentiation. Overall, these findings were extremely encouraging
and RGD-GG appears to be an exceptionally favourable material for the 3D culture of
cortical neural cells, especially given its ready processability.

Figure 5.19: Differentiation of Primary Cortical Neurons in Printed RGD-GG: (A) Cortical neurons
and associated glia following 7 days of differentiation after printing into 0.5 % (w/v) RGD-GG. Cells were
immunostained for ß-III tubulin (red), GFAP (green) and DAPI (blue), indicative of neurons, glia and cell
nuclei, respectively. (B) A representation of the differentiated cortical neurons in which the ß-III tubulin
fluorescence is represented as a spectrum of colours, assigned on the basis of depth through the gel. The
spectral scale bar represents 100 µm of depth through the gel. Yellow scale bars indicate 100 µm laterally.

5.3.6 Multi-Layered Brain Mimic
Given the positive results observed for the encapsulation and printing of cortical
neurons in RGD-GG, the materials were applied to creating a stacked hydrogel mimic of
the cerebral cortex. The syringe pump assisted hand-held bioprinter was employed to
sequentially pattern layers of RGD-GG with and without encapsulated cortical cells. The
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resulting multi-layered system (Figure 5.20) was differentiated over 5 days, and again
presented very high rates of differentiation and axonal outgrowths from encapsulated
cortical neurons. Additionally, these deposited cells were seen to maintain the patterned
multi-layer arrangement, with little migration of the neural cells. Close analysis of the
interface between cell-laden and acellular layers revealed that a small percentage of
axonal projections were actively extending into the acellular space between cell-laden
layers (Figure 5.20: B2). Whilst the 5 day differentiation period employed for these
studies did not provide sufficient time for these projections to completely bridge the
disparate regions, their presence nevertheless provides encouraging signs that further
maturation of these proto-tissues may yield functional connections between the distinct
layers of the cortical mimic.

Figure 5.20: Multi-Layered Cortex Mimic: (A) Alternate deposition of 0.5 % (w/v) RGD-GG hydrogels
with and without the addition of primary cortical neurons were found to yield a stacked proto-tissue
structure with clearly defined cell-laden and acellular regions (B1). By 5 days of differentiation some
axonal projections extended through the acellular gel (B2).

Whilst preliminary, these printed structures provided an exciting opportunity for further
study of brain-like proto-tissues. The development and functionality of the neural
networks should be explored through functional assessments including electrophysiology
and calcium flux imaging. Ideally, these studies would also extend to several months of
culture, allowing the tissues to develop to maturity. Additionally, each layer could be
independently supplemented with a targeted set of growth factors to drive the resident
neurons towards particular subtypes. Such layer-specific differentiation would
substantially enhance the modelling of natural cortical function. It would also be highly
valuable to attempt to replicate these results using human-derived cell lines. If an
accurate cortical mimic could be generated from human cell lines, it could become an
extremely valuable tool for the fundamental study of human neural development,
signalling, pathology or drug efficacy.
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5.4 Chapter Conclusions

This chapter has charted the design and development of new bioprinting tools that
provide a rapid and inexpensive alternative to computer-controlled bioprinting for the
deposition of cell-laden materials and structures. All of the systems were based on a
reactive printing approach, whereby solutions of anionic biopolymers were combined
with cationic cross-linkers at a coaxial print tip, allowing for room temperature hydrogel
printing with no additional infrastructure. Solutions of gellan gum between 0.5–1 %
(w/v) were found to be highly printable when combined with 0.5–1M CaCl2 in a 10:1
ratio. Hand-held printing was notable for the high degree of freedom afforded to the
print head, enabling the formation of structurally complex hydrogels including
overhanging features. The approach was the applied to three printer variants of
increasing complexity: a fully hand-held device, a syringe pump assisted hand-held tool
and a fully automated deposition system. The hand-held device, which weighed 43 g and
fits within the palm, enabled hydrogel bioprinting with an absolute minimum of
infrastructure and process complexity. Whilst achieving only coarse print resolutions,
this hand-held device may still be well suited to environments where ease of use is
paramount, such as scientific outreach, education or fieldwork. The syringe pumpassisted system afforded much greater control of polymer deposition rates, producing
well-controlled and consistent hydrogels whilst retaining the hand-held printer’s
advantages of high manoeuvrability and portability. This system was deemed to be a
highly practical research tool for the patterning of cell-laden hydrogels, as demonstrated
across a range of applications. Notably, the tool was employed to pattern primary
cortical neurons into a multi-layered structure reminiscent of the cerebral cortex. Whilst
further development is needed before this system could be employed as a viable in vitro
brain-mimic, it provided a clear demonstration of the potential of hand-held bioprinting
for screening concepts and materials. The next chapter focuses on the alternative
biofabrication technique of wet-spinning, and the specific aim of forming multifunctional PNG fibers.
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Chapter 6:

TOWARDS STRUCTURED
NERVE GUIDES

T

he reactive bioprinting approaches developed in the previous chapter provided a
novel and highly versatile method for processing cells and biomaterials, however
.
it was not well suited to the formation of peripheral nerve guides. This chapter
describes the initial development and assessment of a variety of wet-spinning
fabrication processes specifically tailored for the fabrication of multifunctional PNGs. As
the last body of work undertaken in this thesis, many aspects of these processing
techniques are preliminary in nature, and would benefit from further development.
Nevertheless, the encouraging findings reported here present clear opportunities for
future researchers to extend this work to form multi-material and multi-functional
platforms for the repair of peripheral nerve injuries.

Publications Associated with this Chapter
Work from this chapter is yet to be submitted for publication
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6.1 PNG Design Concept

As outlined in the introduction to this thesis, many opportunities exist for improving
upon commercially available hollow peripheral nerve guides. In Chapters 3 and 4 of this
thesis, we developed and assessed several new materials for cell support, bioprocessing,
electrical stimulation and aligned microstructure. The next challenge was to identify
ways to combine the most promising materials in appropriately structured fibers so they
would work together as an effective PNG (Figure 6.1). Although useful in other
applications, including the formation of a layered neural tissue, the hand-held
bioprinting tools developed in Chapter 5 were not well suited to the fabrication of highly
aligned PNG fibers. This chapter will explore the application of wet-spinning techniques
for the formation of multi-material PNGs containing aligned guidance channels,
conductive fibers and microstructure, employing several of the materials developed in
this thesis.

Figure 6.1: Progress Towards Improved PNG Design: An adaptation of introduction Figure 1.6,
highlighting the elements of a multi-functional PNG explored within this thesis. (A1, A2) Schematic
diagrams of a hollow PNG in situ across a nerve gap as both external (A1) and cut-away (A2) views. (B)
The recombination of developed materials and designs into a single multi-functional PNG. Greyed out
elements reflect areas of research highlighted in the introduction figure, but not explored here.
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6.2 Guidance Lumens

The perineurium is an important structural feature of peripheral nerves that constrains
and supports bundles of myelinated axons. Following nerve injuries, axons will
preferentially regenerate along these channels, which assist in guiding the regenerating
axons back to their original site of innervation. Replicating such perineurial structures in
engineered PNGs is considered to be a critical factor in improving their performance
[57, 66], and several authors have sought to impart PNG fibers with guidance lumens
that run longitudinally along the fiber to constrain and direct axons as they regenerate
[70, 143, 178]. In this section the application of modified wet-spinning processes for the
formation of hydrogel fibers with internal guidance lumens is described.

6.2.1 Spinnerets and Spinning Apparatus
To progress the aim of producing internally-structured PNGs, a range of spinnerets were
designed and developed, based on the coaxial reactive printing system previously
employed in hand-held bioprinting. Three spinneret geometries were applied, ranging
from coaxial through to penta-lumenal (Figure 6.2: A1–C1). For all of these geometries,
spinning solutions were delivered to the spinnerets through two distinct Luer-lock inlets
(Figure 6.2: D), one designated to the large external needle, and a second from which
flow was divided between the smaller outlets nested within the larger needle. In contrast
to the reactive printing approach, biopolymer solutions were delivered through the outer
ring of these spinnerets, whilst CaCl2 and other materials could be delivered to form
internal channels within the wet-spun fibers (Figure 6.2: A2–C2, E).

Figure 6.2: Spinnerets for Multi-Lumenal Wet-Spinning: (A–C) Outlets of each of the employed Raméhart spinnerets including coaxial (A1, A2), four channel (B1, B2) and five channel (C1, C2) designs. (D)
Profile view of the spinneret. (E) Schematic diagram of the system during formation of a five lumen fiber.
Scale bars represent 500 µm

189

To enable consistent and adaptable fiber spinning through the custom spinnerets, a set
of syringe pumps, tubing, coagulation baths, washing and collection vessels were also
prepared. The design of this assembled wet-spinning apparatus is presented in Figure 6.3,
variations of which were applied for all wet spinning experiments described in this
chapter. The custom spinnerets were attached to two syringe pumps through lines of
silicon tubing, and then positioned at one end of a rectangular, stainless steel
coagulation bath of 750 mm length, 25 mm width and 25 mm depth, filled with 100–
200 mM CaCl2. The syringe pumps were loaded with polysaccharide and cross-linking
solutions, initially comprising 1 % (w/v) NaGG or ALG and 500 mM CaCl2. During
spinning, the polysaccharide and cross-linking solutions were delivered from syringe
pumps in the ranges of 2–10 mL/min and 0.25–0.5 mL/min, respectively. As spinning
progressed, tweezers and scalpels were employed to transfer 5–10 cm sections of fiber
through a wash dish containing H2O, and then to storage vessels filled with either 100
mM CaCl2 or cell culture media. To ensure sterility during the wet-spinning of cellladen fibers, each component of the spinning apparatus was independently sterilised by
a combination of autoclaving (metal components and wash solutions), syringe filtration
(cross-linking and biopolymer solutions) and 70 % ethanol (syringes, pumps and silicon
lines). Once components had been independently sterilised, the system was assembled
within a BSC, sprayed with 70 % ethanol and exposed to UV-light for 20 minutes prior
to use.

Figure 6.3: Design of the Wet-Spinning System: (A) Schematic diagrams of the spinneret and complete
spinning system during the fabrication of hydrogel fibers with multiple hollow channels. (B) The
spinneret tip during operation. (C) A collected fiber retained in a CaCl2 bath.
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6.2.2 Coaxial Fibers
The first fibers produced using the wet-spinning apparatus described in Section 6.2.1
were single-lumen/coaxial fibers. These fibers were formed by delivering 1 % (w/v)
solutions of either GG or ALG around the outer channel, with 500 mM CaCl2 delivered
as the central channel solution. Under these conditions, both ALG and GG readily
formed fibers that could be handled and transferred. Microscopy of these fibers provided
clear evidence of the presence of a channel structure in both ALG and GG fibers (Figure
6.4). Fiber diameters ranged from 500–1000 µm, whilst the diameter of the central
channel varied between 100–500 µm. The variability in fiber geometry was likely
attributable to the drawing rate of the fiber and relative flow rates of the CaCl2 and
polysaccharide solutions. Microscopy also revealed ALG fibers had rougher and sharper
surface features compared to GG, with GG fibers having more diffuse boundaries
between the channel and hydrogel layers.

Figure 6.4: Single Channel Hydrogel Fibers: Hollow-core hydrogel fibers formed from 1 % (w/v) GG
(A1, A2) and ALG (B1, B2) using a coaxial spinneret and internal flow of 500 mM CaCl2. (C) Schematic
cross-section of the formed fibers. Scale bars represent 500 µm.

To further study the structure of the coaxial fibers, several GG and ALG fibers were
cryosectioned and visualised under SEM (Figure 6.5). In all cases, the cross-sectional
electron micrographs confirmed the presence of a single hollow channel positioned
inside a relatively solid polysaccharide network, however the size, shape and positioning
of the channel, as well as the integrity of the surrounding polymer network was more
varied. Firstly, the positioning of the channel shifted relative to the geometry of the
coaxial spinneret, with many channels being found in close proximity to the outer wall
of the hydrogel fiber rather than centrally located as true coaxial structures (Figure 6.5:
A2, A3, B1, B2). This shifting of channel position occurred for both ALG and GG fibers,
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and was likely due to differences in the density of the CaCl2 and polysaccharide
solutions, causing the forming channel to move under the influence of buoyancy until
such time as the polysaccharide layer became sufficiently cross-linked to prevent further
motion. Nevertheless, the formation of the outer and inner walls of the hydrogel layer
appeared to occur sufficiently rapidly for the hollow channel to never completely break
free from the fiber, and channels were contiguous along the entire length of spun fibers.
One notable difference between hydrogels formed from ALG and GG was the relative
porosity of the structures. Fibers formed from GG were observed to be highly porous in
terms of both the number and size of pores. In two of the cryosectioned GG fibers
(Figure 6.5: A2, A3) pores of 100–200 µm were observed, and such pores were only
marginally smaller the main channel formed using the flowing CaCl2. In contrast, the
hydrogel network within coaxial ALG fibers contained a small number of pores in the
20–40 µm range, but the overall fiber structure appeared predominantly solid under
SEM. Such differential microstructure is also consistent with the differences observed
under visible light microscopy, in which the channels and walls of ALG fibers were more
distinctly defined than those in GG.

Figure 6.5: Electron Micrographs of Coaxial Fibers: SEM images of cross-sectioned coaxial fibers spun
with gellan gum (A1–A3) or alginate (B1–B3) outer sheaths and an inner flow of CaCl2, yielding a hollow
channel.

Whilst both ALG and GG were found to satisfactorily produce coaxial fibers, their
different microstructures were notable in the context of the anticipated production of
more complex and finely-structured fibers, particularly in the formation of numerous
small diameter and collagen-filled guidance lumens. Due to their reduced porosity, the
channels within ALG fibers were considered to be more immediately applicable to the
formation of small-diameter lumens and constraining slow-setting collagen solutions.
Alternatively, the relatively high levels of porosity in GG fibers may be favourable for
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other reasons, including nutrient infiltration and accelerating angiogenesis. Whilst an
assessment of these effects would provide a logical extension of this body of work, they
could not be accommodated within the time constraints of the project. In light of those
time limitations, the remaining sections in this chapter focus primarily on the wetspinning of multi-structured fibers using the more dense ALG sheath material.
Nevertheless, we note that GG and RGD-GG materials should be afforded further
development and optimisation of spinning conditions to allow for their application in
multi-functional nerve guides. In particular, RGD-GG sheaths have the potential to
provide a supportive environment for the activities of Schwann cells, as the material was
found to provide a favourable encapsulation environment for co-cultured neural and
glial cells, as reported in Chapter 5. The inclusion of Schwann cells has been previously
shown to enhance axonal outgrowth in nerve guidance structures [90, 92], and the
direct delivery and encapsulation of Schwann cells during wet-spinning provides an
avenue for further enhancing the functionality of these PNG structures.

6.2.3 Multi-Lumen Fibers
Following on from the formation of coaxial fibers, the ALG system was further applied
to the formation of multi-lumenal fibers using the 5-outlet spinneret. The fibers were
initially spun using the same solution conditions applied to coaxial fibers, namely 1 %
(w/v) ALG and 500 mM CaCl2. Under these spinning conditions, visualising and
confirming the successful formation of lumens was challenging owing to their small
size, and similar colour and refractive index to the bulk ALG hydrogel. To assist in
optimising the spinning process, CaCl2 solutions were supplemented with contrast
agents including food dyes, allowing for visualisation of the lumen formation process
(Figure 6.6: A). Once fabricated, the multi-lumenal fibers were also visualised using
microscopy both in profile (Figure 6.6: C1, C2), and after cross-sectioning the fibers
(Figure 6.6: D). In all cases, these assessments indicated that the spinning process
successfully formed several distinct, hollow lumens that were consistently maintained
along the length of the ALG fiber. The cross-sectional microscopy indicated that these
lumens were ~200 µm in diameter, however one of the lumens was notably smaller in
several of the cross-sectioned segments.

193

Figure 6.6: Multi-Lumenal Fiber Spinning: Multi-lumenal alginate fibers were produced by wet
spinning. The faintly visible lumens (C1) were better resolved by dying CaCl2 solutions during formation
(A), enhancing image contrast (C2), or by viewing formed fibers following cross-sectioning and dying
(D). A schematic diagram of the fiber cross-sections is also presented (B). Scale bars represent 2 mm.

In addition to light microscopy, multi-lumenal fibers were cryosectioned and imaged
under SEM (Figure 6.7). The overall diameter of these fibers (1.5–2 mm) and diameter
of the hollow channels (300–500 µm) were broadly consistent across samples, however
the shape and positioning of channels was more varied. As with coaxial fibers, lumens
were found closer to the edge of the ALG fiber than the position of their corresponding
CaCl2 outlet within the multi-channel spinneret. Channels in close proximity to the
periphery of the fiber were also associated with a buckling in the outer wall of the fiber
(Figure 6.7: D3), altering the otherwise circular or oval cross-sections of the channel and,
to a lesser extent, the fiber. Despite this impact on the fiber wall structure, no breakages
in the outer wall were observed and lumens remained as distinct and coherent channels
along the length of the fiber. A more notable discrepancy between the spinneret and
fiber geometries was the number of lumens, with fibers most commonly observed with
four lumens, with the fifth being either absent or only partially formed. The absence of a
well-formed fifth lumen in the cryosectioned ALG fibers was likely attributable to an
uneven distribution of CaCl2 flow across the five channels, a factor which could not be
directly controlled with current spinneret designs. A possible improvement in the
system would be to redesign the multi-lumenal spinnerets such that each of the five
CaCl2 outlets was fed from independent inlets, rather than sharing a common port.
Separate syringe pumps could then be employed to ensure equal flows were delivered
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through all five outlets, or alternatively, intentionally deliver non-matching flows to
develop more complex PNG designs, such as tailoring one or more of the lumens for
vascularisation or glial cell delivery to compliment and support the axon-guidance
lumens.

Figure 6.7: Electron Micrographs of Multi-lumenal Fibers: (A-D) SEM images of four multi-lumenal
alginate fibers after cryosectioning. (D2, D3) Detailed (high magnification) images of the hollow channels.

6.3 Lumen Filling

In the support materials chapter (Chapter 3) it was identified that collagen-I provided an
excellent medium for neural cell differentiation and axonal elongation, above and
beyond that provided by GG, NaGG or RGD-GG. However, the gelation mechanism of
collagen also presented processing challenges, and collagen gels were not sufficiently
strong to create freestanding fibers on their own. The capability to form hollow
guidance lumens as described in Section 6.2.2 presented the opportunity to form
collagen guidance channels in situ. Specifically, by constraining collagen within the
hollow cores of polysaccharide fibers, the collagen could be afforded sufficient time for
gelation to proceed without compromising the geometry of the spun collagen.
Ultimately, this approach was expected to yield channels of gelled collagen that were
linearly confined within a polysaccharide hydrogel. Such a structure could be highly
attractive as a nerve guide, providing both a highly supportive growth environment and
longitudinal directionality in cell differentiation.
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6.3.1 Gelatin Coaxial Fibers
As a precursor to forming collagen-core fibers, lumen filling was first trialled with
gelatin, a readily available collagen derivative. Using the coaxial spinneret arrangement,
1 % (w/v) ALG was again spun as an outer sheath. However, in this case the 500 mM
CaCl2 spinning solution was replaced with a solution of 5 % (w/v) gelatin, pre-heated to
45 ˚C. The coaxial gelatin/ALG fibers spun using these conditions are shown in Figure
6.8. To confirm that gelatin was encapsulated and retained as a continuous channel
within the ALG sheath, spun fibers were stained with a collagen-specific dye, methyl blue
(Figure 6.8: A1, A2). As anticipated, microscopy of these stained fibers showed a clear
central channel of methyl blue stained material, presumably gelatin, confined within the
non-stained sheath layer of ALG. These gelatin channels were found to be 75–100 µm in
diameter, and broadly consistent in size along the length of the fiber. As with previous
fibers, the cross-section and microstructure of gelatin/ALG coaxial fibers was assessed by
cryosectioning and SEM (Figure 6.8: C1, C2, D1, D2). The SEM images confirmed that
the central channels were indeed filled with a porous hydrogel material, assumed to be
gelatin. The position of the gelatin channel within the ALG hydrogel was notably closer
to the fiber axis than had been observed for the hollow channels in CaCl2/ALG fibers.
This observation may support the hypothesis that buoyancy is driving the shift of
channel positioning within multi-material fibers. In this regard, quantifying and
matching the buoyancies of the biopolymer and cross-linking solutions may provide a
means of reducing or eliminating the positional shifting of channels during the wetspinning of multi-material PNGs. However, priority was given to progressing these
studies towards the application of collagen and other key materials, rather than
optimising channel positioning.

Figure 6.8: Gelatin Core Coaxial Fibers: (A1, A2) Microscope image of wet-spun gelatin/ALG coaxial
fibers after staining with methyl blue. Scale bars represent 500 µm (B) Schematic diagram of the fiber
arrangement. (C1, C2, D1, D2) Cryosectioned gelatin/ALG fibers images under SEM at low magnification
(C1, D1) and higher magnification focused on gelatin channels (C2, D2).
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6.3.2 Collagen Coaxial Fibers and Cell Encapsulation
Once the principle of lumen filling had been validated with gelatin, it was applied to the
rat-tail type-I collagen extract reported in Chapter 3. As identified in that chapter, a
major challenge for the bioprocessing of collagen was its gelation mechanism, which is
driven by a self-assembly process that is spontaneous under physiological conditions
(37 ˚C, pH 7). However, it was also established that neutralising acidic collagen solutions
at 21 ˚C allowed for a 10 min processing window before irreversible collagen gelation
occurred. Whilst it is below the ideal cell culture temperature, 21 ˚C was also considered
sufficiently warm to retain high rates of cell viability during the limited time-frame
required for collagen processing. We therefore sought to leverage these findings to wetspin channels of cell-laden collagen into ALG fibers. In this study, the wet-spinning setup was applied as per gelatin/ALG conduits, with the gelatin spinning solution replaced
with a 21 ˚C collagen solution, activated immediately prior to spinning by
neutralisation with NaOH, followed by mixing in a 4:1 ratio with 5x DMEM culture
media. For some fibers, this culture media was additionally used to resuspend PC12 cells
prior to being mixed with the neutralised collagen and spun into the fiber. Using this
approach, divalent cations contained within the DMEM acted in a similar fashion to the
CaCl2 employed in hollow fiber spinning, rapidly cross-linking a skin of ALG hydrogel
around the delivered collagen solution during the spinning process, effectively
constraining the liquid collagen until the material self-assembled into a gel. Microscope
images of collagen/ALG coaxial fibers, both with and without added PC12 cells, are
presented in Figure 6.9. As with gelatin fibers, the presence of collagen within the
central lumen was confirmed through the collagen-binding dye, methyl blue (Figure 6.9:
A1, A2). As well as indicating that collagen was present within the fiber and confined
within a clearly defined channel, the staining also revealed the presence of distinct fibril
structures not seen in gelatin/ALG fibers. These structures were almost certainly the
result of collagen self-assembly and gelation occurring within the confines of the ALG
fiber, and provided confidence that the spinning methodology was successfully enabling
in situ collagen gelation. Collagen/ALG fibers spun with PC12 cells included within the
collagen layer are also shown (Figure 6.9: C1, C2). Live/dead (Calcein/PI) fluorescence
staining of these PC12 cells (Figure 6.9: D1, D2) performed 2 h after encapsulations
demonstrated a very high level of cell viability was retained throughout the wet-spinning
process.
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Figure 6.9: Cell-Laden Collagen in Alginate Fibers: (A1, A2) Optical microscopy of collagen/ALG fibers
after staining with the methyl blue dye. (B) Schematic diagram of cross-sectioned cell-laden collagen/ALG
fibers. (C1, C2) Bright-field microscopy of PC12 cells encapsulated in the collagen layer of the coaxial
fiber, visualised immediately after spinning. (D1, D2) Fluorescence microscopy images of PC12 cells after
staining for calcein (green) and propidium iodide (red), after 2 h after encapsulation within the wet-spun
collagen/ALG fiber. Yellow scale bars represent 500 µm, red scale bar represents 100 µm.

After the successful formation of collagen/ALG fibers with highly viable PC12 cells
positioned in the collagen layer, the cell-laden fibers were cultured for four days under
differentiation (low-serum and NGF supplemented) media to observe the impact of the
collagen/ALG environment on the differentiation of encapsulated PC12 cells. Brightfield microscopy of these cells over 4 days is presented in Figure 6.10, alongside confocal
images of cells fixed after 4 days and immunostained for ß-III tubulin and DAPI. In
these images, the population of PC12 cells can be seen to undergo a clear progression
from a small, rounded cell phenotype, to a highly differentiated state with welldeveloped neurites. In the confocal images (Figure 6.10: F), almost all cells in the
population exhibited some degree of neurite extension, with the longest neurites
extending up to 150 µm from the cell body. Such levels of differentiation and neurite
extension were consistent with the differentiation observed for PC12 cells directly
encapsulated in collagen hydrogels, presented in Chapter 3, indicating that cells were
responding to the collagen environment rather than the ALG sheath. Collectively, these
observations indicated that the dual-material collagen/ALG fibers successfully provided a
highly favourable environment for neuronal differentiation within the collagen layer,
whilst benefiting from the mechanical strength and favourable processing characteristics
of the polysaccharide.
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Figure 6.10: Differentiation of PC12 Cells in Collagen/Alginate Coaxial Fibers: (A–E) Brightfield
microscopy of PC12 cells under differentiation conditions whilst encapsulated in the core of a
collagen/ALG coaxial fiber. Cells are shown after 0 (A1, A2), 24 (B1, B2), 48 (C1, C2), 72 (D1, D2), or 96 h
(E1, E2) at low (A1–E1) and high (A2–E2) magnification. (F) Confocal microscope images of PC12 cells
fixed and immunostained after 96 h for the neuronal marker ß-III tubulin (red fluorescence) and the
nuclear stain DAPI (blue fluorescence). Scale bars represent either 500 µm (yellow) or 50 µm (red).

Despite encouraging signs presented by coaxial collagen/ALG fibers, the fluorescence
microscopy also highlighted a less favourable attribute of the prototype fibers.
Specifically, the neurite outgrowth from encapsulated PC12 cells (Figure 6.10: F) was
not aligned along the axis of the fibers. Rather, axons extended radially from their
respective cell bodies, synonymous to their behaviour in unstructured collagen
hydrogels. This suggested that the cells were not receiving guidance cues from their
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position within the collagen lumen, probably because the collagen lumen is too large to
meaningfully constrain or direct the cells within the coaxial fiber arrangement. As noted
in the introduction, an ideal PNG structure should provide for both the enhancement
and alignment of axonal outgrowth simultaneously [41, 57, 61], a goal not achieved by
the current design. To this end, we sought to improve the microstructure of the fibers to
align neurites and further enhance outgrowth within a multi-functional PNG structure.

6.4 Graphene Fiber Encapsulation

In the conductors and electrical stimulation chapter (Chapter 4), aligned fibers of
chemically reduced liquid crystalline graphene oxide (rLCGO) proved highly promising
as both a stimulation platform and topographic guide for differentiating neural cells. We
therefore sought means of incorporating these rLCGO fibers into hydrogel fibers
alongside the collagen lumens, which had been seen to support high rates of neural
differentiation.

6.4.1 Fiber Encapsulation Methodology
Whilst a suitable method for forming aligned rLCGO fibers had been developed in
Chapter 4, accurately encapsulating these dry conductive fibers within wet-spun
polysaccharide gels presented a challenge. However, a promising methodology for
positioning stainless steel filaments in hydrogel fibers was under development by a
fellow researcher, Katharina Schirmer (UOW). The encapsulation method, termed
‘pultrusion’, relied on pre-threading the steel filaments through a spinneret prior to wetspinning, with the filaments then being clamped in place at either end of the
coagulation bath using custom-designed clamps (Figure 6.11). The bath and fiber
assembly was then placed on a motorised stage, which could be used to move the fibers
through the spinneret at a rate designed to match the formation of hydrogel during wetspinning. In this manner, the polysaccharide solutions were extruded around the
preformed fibers, resulting in hydrogel fiber structures with encapsulated steel fibers.
Examples of these fibers, as well as a more detailed description and assessment of the
pultrusion technique is provided in Schirmer et al. [338]. For the purpose of our PNG
fibers, we sought to modify the conditions successfully applied by Dr. Schirmer for the
formation of stainless steel/ALG fibers to the formation of rLCGO/ALG fibers, followed
by more complex geometries and material arrays.
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Figure 6.11: Pultrusion Wet-Spinning: (A1, A2) Schematic diagram of the spinneret (A1) and broader
pultrusion arrangement (A2) used in the formation of hydrogel fibers with encapsulated conductive
fibers. (B) Image of the bath, spinneret, clamps and conductive fibers assembled prior to wet-spinning.

6.4.2 Single rLCGO Fiber Encapsulation
As a first step towards the formation of multi-structured rLCGO/collagen/ALG fibers,
the pultrusion wet-spinning technique was applied to the encapsulation of rLCGO
within otherwise solid ALG fibers. The coaxial spinneret was threaded with a single, large
diameter (110 µm) rLCGO fiber produced in Chapter 4 (Section 4.3.1). This fiber was
then encapsulated within a 1 % (w/v) ALG hydrogel using the pultrusion method.
Bright-field and SEM microscopy of the resulting rLCGO/ALG fibers are presented in
Figure 6.12. Macroscopically, both the rLCGO and ALG fibers appeared to tolerate the
pultrusion process with minimal damage, and the coaxial rLCGO/ALG fibers were
formed with lengths up to 70 cm, a limit imposed by the dimensions of the coagulation
bath. Under SEM, the internalised rLCGO fibers were confirmed to maintain their
structural integrity, including the key feature of their aligned groove microstructure. The
rLCGO fibers were noted to shift away from a true coaxial position, in line with the
previous observations for hollow, gelatin-filled and collagen-filled lumens. It was also
observed that the ALG hydrogel was notably more porous than had been observed for
coaxial and multi-lumenal fibers without rLCGO. The cause of this alteration of
hydrogel porosity is not clear, however it was suspected that leachate from the rLCGO
fiber may have impacted ALG’s cross-linking kinetics and thereby altered the
microstructure. In an effort to minimise this effect, future rLCGO/ALG wet-spinning
studies were performed with the smaller diameter (70 µm) rLCGO fibers that had been
treated with an additional 24 h wash in PBS buffer solution prior to encapsulation.
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Figure 6.12: Encapsulation of rLCGO Within Wet-Spun Alginate Fibers: (A1, A2) Microscopy of a
wet-spun alginate fiber containing an encapsulated rLCGO fiber. (B) Schematic diagram of the crosssection of ALG/rLCGO fibers. (C1–C3) SEM images of cryosectioned ALG/rLCGO fibers. (D1, D2) High
magnification SEM images of an embedded rLCGO fiber. Scale bars as marked.

6.4.3 Steel-rLCGO Fiber Pairing
Whilst achieving encapsulation of rLCGO fibers within ALG hydrogels was an
encouraging first step, this geometry did not provide channels for the elongation of
axons. In an earlier section (Section 6.3.2), the formation of cell-carrying collagen
lumens was achieved by directly spinning collagen solutions through spinneret outlets.
However, the pultrusion system and spinnerets used to-date did not allow for rLCGO
fiber encapsulation and collagen-core spinning to be performed simultaneously. Further,
in the conductors and stimulation chapter (Chapter 4), it was postulated that rLCGO
fibers would be of most benefit to the alignment and stimulation of neural cells when
there was direct contact between the cells and fibers. It was therefore anticipated that
spinning separate lumens of collagen and rLCGO would not provide cells with any
measurable or significant benefit from the presence of the conductive fiber, or its
aligned microstructure. To account for these considerations, an alternate method of
channel forming was developed based on that reported previously by Dawood et al. for
the delivery of VEGF to endothelial cells [75], and applied to neural regeneration by
202

Tansey et al. [143] and Alsmadi et al. [76]. In this method, fine steel wires were first cast
within an agarose hydrogel, and then withdrawn to leave a defined channel. The authors
reported that performing this withdrawal whilst the channel’s end was exposed to a bath
of liquid collagen effectively drew the collagen into the channel, providing a means of
generating accurately positioned, small-diameter and collagen-filled lumens for neural
cell guidance. To apply this technique for the formation of guidance channels in close
proximity to the rLCGO, pairs of 50 µm stainless steel filaments and 70 µm rLCGO
fibers were formed by gently twisting the fibers together to ensure they remained in
direct contact through the pultrusion process. These twisted, dual-material fibers were
then threaded through the coaxial spinneret and wet-spun into ALG using the pultrusion
methodology previously applied to rLCGO/ALG fibers. The resulting rLCGO/steel/ALG
fibers, presented in Figure 6.13 below, clearly demonstrated the presence of the two
fibers. Importantly, the fibers were consistently positioned in close proximity to one
another, being separated by approximately 5–10 µm along the length of the hydrogel
fiber. Manual removal of the stainless steel fiber after complete setting of ALG (Figure
6.13: A3) yielded a defined hollow channel that remained adjacent to the LCGO fiber
and retained the dimensions of the withdrawn steel fiber (~50 µm). Cross-sectional SEM
images of these fibers following the removal of the steel fibers further confirmed the
presence of a hollow channel immediately adjacent to the rLCGO fiber, separated only
by a thin sheet of ALG approximately 5 µm in thickness, consistent with bright-field
images. At higher magnifications (Figure 6.13: C2) this ALG sheet also appeared to be
separated, effectively merging the hollow and rLCGO channels. It was not possible to
determine whether this damage occurred during spinning, fiber removal or cryosectioning, and imaging of fibers prior to the removal of the steel was not achievable due
to the material’s resistance to the cryo-sectioning technique applied in the brittlefracture of the soft gel and rLCGO fiber. Nevertheless, these studies provided confidence
that a steel-rLCGO fiber winding approach, followed by pultrusion, could enable the
forming of paired lumens of rLCGO and collagen within a multi-functional PNG fiber.
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Figure 6.13: Steel-Graphene Pairing and Withdrawal: (A1–A3) Microscopy of ALG fibers containing
paired rLCGO and steel fibers including detail of the fibers before (A2) and after (A3) the removal of the
steel fiber. (B1, B2) Schematic diagrams showing the removal of steel fibers in profile view (B1), as well as
a cross-section of the final fiber (B2). (C1, C2) SEM of alginate fibers following the removal of steel at low
(C1) or high (C2) magnification. Yellow scale bars represent 500 µm. SEM scale bars are as marked.

6.5 Multi-Functional Fibers

A key aim of this thesis was the development of materials and processing techniques
capable of forming multi-functionalised PNGs. In this chapter, we have described several
methods of forming ALG-based fibers containing multiple hollow lumens, collagenfilled channels, live cells, and preformed rLCGO-fibers paired with hollow channels. As a
final study for this body of work, prototype fibers were produced in which these various
techniques were applied simultaneously to form a multi-lumenal, collagen/rLCGO/ALG
fiber with encapsulated PC12 cells. A schematic diagram of the fiber’s design is presented
in Figure 6.14. The multi-functionalised fiber was formed using the pultrusion method
of pre-formed fiber encapsulation, applied with the four-channel Ramé-Hart spinneret.
rLCGO-stainless steel fiber pairs were formed and threaded through two of the four
spinneret outlets, with the remaining two outlets being threaded with stainless-steel
fibers only. Following the procedures previously applied for pultrusion spinning of
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coaxial fibers, these fibers were then encapsulated within an alginate hydrogel fiber,
yielding the as-spun fibers presented in Figure 6.14: B1. A bath of 21 ˚C collagen was
then prepared, neutralised and mixed with a PC12 cell suspension to yield a final cell
density of 1x106 cells/mL. The as-spun rLCGO/steel/ALG fibers were then briefly
submerged in this collagen/cell suspension as the steel fibers were withdrawn, leading to
an uptake of collagen/cell suspension into the vacated channels. The fibers were then
removed from the collagen bath, washed with sterile H2O and transferred to culture wells
containing differentiation medium. Images of the finished collagen/rLCGO/PC12/ALG
multi-functional fibers are presented in Figure 6.14: B2, C1, C2.

Figure 6.14: Formation of Multi-Functionalised Collagen/rLCGO/ALG Fibers: (A) Schematic
representation of fiber composition and arrangement. (B1, B2) Microscopy of fibers before (B1), and after
(B2) the removal of the steel wires. (C1, C2) High magnification image of cells positioned in collagen
lumens and adjacent rLCGO fibers. Yellow scale bars represent 500 µm, red scale bars represent 50 µm.
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To confirm that the multi-functional fibers retained the expected internal structures, a
set of the formed fibers were removed from PC12 culture media after 24 h,
cryosectioned and visualised under SEM. Whole fiber cross-sections (Figure 6.15: A1,
A2) confirmed the presence of four distinct channels within the relatively dense ALG
hydrogel. Higher magnification images of the channels within the multi-functionalised
fibers (Figure 6.15: B1–C3) confirmed the presence of both paired rLCGO-collagen
channels, as well as unpaired collagen channels. Both single and rLCGO paired channels
contained numerous fibular structures, the size and geometry of which was akin to those
observed in electron micrographs of pure type-I collagen hydrogels presented in Chapter
3 (Section 3.2.3). In most cases, these structures occupied only 10-15 % of the crosssectional area of the channel, attributed to the high degree of volumetric contraction
typically associated with collagen self-assembly. Nevertheless, the presence of these
structures was taken as a sign of successful collagen filling of lumens through the steelwithdrawal and back-filling process. In paired collagen/rLCGO channels, a portion of
the collagen fibrils were noted to be directly attached to rLCGO fibers in the paired
channels, suggesting that the channels merged prior to the complete gelation of
collagen, and most likely during the withdrawal of the steel fibers. In most cases, the
channels were not observed to contain cells, although objects consistent with the size,
shape and position of delivered PC12 cells were occasionally observed (Figure 6.15: C3).
The relatively low incidence of such features was attributed to a combination of low
seeding density and limited depth of field along the axis of the channel, rather than a
lack of PC12 cell delivery, as delivered cells had been previously observed using bright
field microscopy (Figure 6.14).
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Figure 6.15: Electron Micrographs of Cross-Sectioned Collagen/rLCGO/ALG Fibers: Cryosectioned
multi-functional PNG fibers visualised as whole fibers (A1, A2), and higher magnifications of the paired
collagen/rLCGO lumens (B1–B3) as well as unpaired (collagen only) lumens (C1–C3).

Once immersed in differentiation media, the fiber-encapsulated PC12 cells were allowed
to differentiate in situ for 4 days. Bright-field microscopy of live cells after 4 days, as well
fluorescence images of fixed cells immunostained for GAP-43 (green), ß-III tubulin
(red) and DAPI (blue) are presented in Figure 6.16. In both sets of images, the PC12
cells had developed elongated neuronal projections of 50–100 µm, consistent with the
degree of cell differentiation observed for PC12 cells spun directly into collagen/ALG
coaxial fibers. However, unlike the cells in broad collagen lumens without rLCGO, the
PC12 cells differentiated within multi-functional fibers were also notably aligned, with
neurite outgrowths observed to track the channels in almost all cases. Immunofluorescence images revealed the differentiating PC12 cells stained positively for both
the neuron-specific cytoskeletal marker ß-III tubulin, as well as the growth cone
associated GAP-43. The green-fluorescence of GAP 43 was most strongly expressed at
the periphery of the cell soma, as well as the bulbous regions visible at the termini of
neurites, which were also identifiable in bright-field images. These bulbs were likely to be
active growth cones of the neurites, indicating that the fiber-encapsulated PC12 cells
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were continuing to elongate their neurites at the time of fixation. In summary, this
study demonstrated that neural cell differentiation, neurite outgrowth and axonal
alignment were all supported by the prototype multi-functional PNG fibers. Such results
are highly encouraging, and provide validation for not only the wet-spinning processes,
but also the design and material composition of our PNG.

Figure 6.16: Alignment and Differentiation of PC12 Cells Within Multi-Functionalised PNGs: PC12
cells after four days of differentiation in situ within the collagen lumens of a multi-functionalised
collagen/rLCGO/ALG fiber, visualised by bright-field microscopy (A1–A4), and confocal microscopy
following fixation and immunostaining (B1, B2). Fluorescent cells were stained for ß-III tubulin (red),
GAP-43 (green) and DAPI (blue). Scale bars represent 50 µm.
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6.6 Chapter Conclusions

This chapter has reported the development of several novel wet-spinning processes for
the formation of internally structured PNG fibers. A range of custom-designed
spinnerets containing multiple outlets enabled the production of a wide range of fiber
structures. Coaxial fibers with polysaccharide sheaths surrounding a hollow core were
formed from both ALG and GG, with ALG initially found to provide a more reliable
containment of channels within the fiber. Using multi-outlet spinnerets, ALG fibers
were also spun with 4-5 distinct hollow lumens with the potential to act as guidance
channels for regenerating nerves. Both gelatin and collagen were successfully delivered
into these fibers as lumenal fillers, with PC12 cells encapsulated within collagen/ALG
fibers exhibiting extensive differentiation and neurite outgrowth. Applying a pultrusion
method developed by colleagues, preformed conductive fibers including stainless steel
and the aligned rLCGO fibers described in Chapter 4 were successfully positioned within
ALG fibers. Coupling rLCGO fibers with collagen-filled lumens was also achieved by
pairing steel and rLCGO fibers, followed by withdrawal of the steel fibers under liquid
collagen bath. Finally, these modified wet-spinning methods were combined to form a
multi-functional PNG fiber prototype. Paired rLCGO and steel fibers were positioned
within an ALG sheath by pultrusion, followed by the removal of steel fibers with the
simultaneous uptake of collagen and PC12 cells. Cross-sectional electron micrographs of
these prototype ALG/collagen/rLCGO fibers confirmed that the modified wet-spinning
approach successfully combined our materials into a single, multi-functional PNG
structure. Moreover, the PC12 cells encapsulated within these fibers exhibited highly
promising cell differentiation and neuronal alignment behaviours that closely reflected
those required for a functional PNG. These highly promising results highlight the
potential of both our materials, as well as the modified wet-spinning technique, for the
fabrication of multi-functional PNGs. With further development, we are confident
these materials and processing techniques can contribute to next-generation PNGs that
accelerate the repair of long-gap peripheral nerve injuries.
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Chapter 7:

CONCLUSIONS

I

n the introduction of this thesis we designated several research targets collectively
aimed at improving the design, composition and function of peripheral nerve
.
guides. These included the synthesis of new materials for supporting and electrically
stimulating neural cells, as well as the development of new fabrication techniques
for combining these materials into a multi-functional PNG. Across each of these aims,
we believe this thesis has positively contributed to both PNG research and the field of
tissue engineering more generally. In particular, aspects of the work are now included in
publications by several high impact, peer-reviewed journals including Biomaterials, Acta
Biomaterialia, the Journal of Materials Chemistry B and Materials Today. One of these
outputs, the fabrication of a multi-layered brain mimic from our novel RGD-GG
material, deposited via the hand-held bioprinting process we developed, won the Elsevier
Atlas Award for ‘research that could significantly impact people’s lives around the world’.
The following summarises the main achievements of our work with respect to the
original research aims.

7.1 Key Research Findings
Aim 1: Develop Support Materials
The polysaccharide gellan gum (GG) was studied as a material for both cell encapsulation
and biofabrication. GG was found to be both processable and cytocompatible, and was
formed into self-supporting hydrogels through casting, wet-spinning and reactive
bioprinting techniques whilst maintaining high cell viabilities. Neuron modelling PC12
cells exhibited clustering behaviours and did not extend neurites when encapsulated
within unmodified GG hydrogels. To promote cell attachment and differentiation, GG
was chemically modified with the short peptide G 4RDGSY, which contains the RGD
sequence known to direct integrin-mediated cell binding. RGD-GG was found to
significantly enhance the differentiation behaviour of primary cortical neurons and
C2C12 skeletal muscle cells. The ability of RGD-GG to combine favourable cell
scaffolding behaviour with GG’s high processability may render it suitable for a wide
spectrum of tissue engineering projects. In the context of PNGs however, it was
considered more suitable to combine such highly processable biopolymers with
extracellular matrix components that were directly targeted for the support of neurite
extension and nerve regeneration. Type-I collagen, isolated from rat-tails, was
confirmed to provide an excellent differentiation environment for PC12 cells, with
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substantially increased axonal extensions from collagen-encapsulated PC12 cells when
compared to cells encapsulated in either GG or RGD-GG. Processing of collagen was
identified as a significant challenge, however a processing window was identified which
allowed for the formation of collagen channels within a supporting biopolymer sheath.
Finally, GG hydrogels were mechanically reinforced using an ionic-covalent
entanglement (ICE) approach that is described fully in the appendix to this thesis. Across
three distinct formulations, the addition of a covalently linked network to the primary
polysaccharide network was found to provide a synergistic increase in the strength and
toughness, and ICE hydrogels mechanically outperformed those formed from either
network individually. One ICE gel, based on the combination of gelatin, genipin and
gellan gum, was found to be a promising material for load-bearing structures in
engineered tissues, potentially including PNG sheaths. Collectively, this suite of tough,
processable and cell-supportive biomaterials provide new options for the structural and
cell supportive layers in a multi-functionalised PNG, and expanded the range of
materials available for tissue engineering more generally.

Aim 2: Develop Conductive Materials
Next-generation PNGs are expected to benefit from the inclusion of a variety of
functional materials alongside soft hydrogel components. Electrical stimulation is
known to enhance neural regeneration, and several organic conductors were explored
for the purpose of forming electroactive layers within a PNG. Initial work focused on
the chemical polymerisation of EDOT with biopolymer dopants to generate materials
with stronger cell interaction than the commonly applied PEDOT:PSS. The
polysaccharide dextran sulfate (DS) was identified as a promising biological dopant for
PEDOT. Suspensions of PEDOT:DS exhibited minimal cytotoxicity and were observed
to localise at cells rather than remaining dispersed, potentially making them useful as
drug delivery vectors. An alternative synthesis method, electropolymerisation, enabled
the formation of consistent and stable PEDOT:DS electrode surfaces that were suitable
for application within a PNG. Graphene was explored as a possible template for
PEDOT:DS electropolymerisation. Suspensions of liquid crystalline graphene oxide were
wet-spun, chemically reduced and then dried under tension to yield highly aligned fibers
of reduced liquid crystalline graphene oxide (rLCGO). The rLCGO fibers were found to
be not only conductive, but also textured with a highly aligned topography akin to
structures previously shown to guide neuronal outgrowth. Both PEDOT:DS and rLCGO
were then carried forward to cell stimulation experiments.
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Aim 3: Apply Electrical Stimulation
Cell stimulation chambers were designed and fabricated to allow for the application of
electrical stimulation to PC12 cells via gold mylar, PEDOT:DS and rLCGO electrode
surfaces in a variety of geometries. As 2D planar electrodes, PEDOT:DS and graphene
surfaces were seen to support high levels of PC12 cell differentiation even in the absence
of applied electrical stimulation. The application of 250 Hz biphasic pulsed stimulation
further enhanced the number and length of neurites extended by PC12 cells, with the
most significant improvements observed in cells seeded on rLCGO electrodes. Field
stimulation electrodes were also constructed to help identify appropriate designs for the
placement of cells and conductors within a PNG. Stimulation applied through these
devices induced inconsistent changes to neuronal outgrowth from PC12 cells and were
overall less beneficial than stimulation by equivalent contact electrodes, observations
which led to the conclusion that intimate cell-electrode contact is more favourable for
electrical stimulation within a PNG structure than field stimulation designs. Towards
this goal, a device was fabricated to allow for the application of stimulation from the
wet-spun rLCGO fibers, which were considered promising for application within a PNG.
PC12 cells stimulated from these fibers displayed enhanced neurite outgrowth that was
aligned along the topography of the rLCGO fibers. This dual function of rLCGO fibers
as both stimulation surfaces and topographic guides makes them highly attractive for
inclusion within an electroactive PNG.

Aim 4: Develop Fabrication Techniques
During the course of this thesis we developed two distinct biofabrication processes, a
reactive printing process for the rapid and versatile production of cell-laden hydrogels
across a wide range of applications, as well as a wet-spinning technique targeted
specifically towards PNG fabrication. The reactive printing process was based on the coextrusion of polyanionic biopolymer solutions and a cross-linking solution containing
Ca2+. The reactive printing approach was applied across three distinct delivery methods;
fully hand-held, syringe pump-assisted and fully automated. The utilisation of syringe
pumps for flow control whilst retaining hand-held control of the print head was found
to provide an accurate and highly versatile means of patterning hydrogels and living
cells. Using this process, hydrogels were formed from GG, RGD-GG, alginate and ICE
formulations, including the co-delivery of L929, PC12 and primary neural cells that
retained high viability throughout both printing and subsequent culture. Several
potential applications of the technique were demonstrated, including the patterning of
primary cortical neurons and glia into a multi-layered RGD-GG hydrogel that mimicked
the structure of the cerebral cortex. Overall, the hand-held bioprinting approach was
found to be a highly versatile tool for rapid screening in bioprinting. We anticipate that
broad uptake of the technique would accelerate development across many avenues of
tissue engineering research.
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Aims 4–5: Develop Fabrication Techniques and Produce a Prototype Nerve Guide
Towards the specific aim of PNG fabrication, wet-spinning was explored as a means of
generating hydrogel fibers with complex internal structures. By pairing multiple syringe
pumps with custom designed, multi-outlet spinnerets we successfully fabricated soft
hydrogel fibers with a wide variety of internal geometries and material compositions
including collagen guidance lumens and conductive filaments. GG and ALG fibers were
formed with hollow cores in coaxial and multi-lumenal arrangements by flowing CaCl2
solutions through spinneret outlets that were nested within those delivering the
polysaccharide. Replacing CaCl2 with a suspension of cells and collagen allowed for the
formation of cell-laden, collagen-filled channels encapsulated within an ALG sheath,
with the encapsulated PC12 cells found to extensively differentiate within these
channels. We then applied a pultrusion technique to the wet-spinning system to
encapsulate pre-formed rLCGO fibers and paired rLCGO-steel fibers within an ALG
guide. By removing these steel wires under a cell-collagen bath, both collagen and live
cells were drawn into close proximity with rLCGO fibers, an arrangement previously
noted as preferable for electrical cell stimulation. PC12 cells encapsulated in these paired
lumens exhibited neurite growth that was guided longitudinally down the prototype
PNG fibers. Finally, gradients were produced by delivering ramped flows from two
syringe pumps through a Y-junction element and in-line chaotic mixing element, a
technique described in the appendix to this thesis. Collectively, these studies
demonstrated the significant potential of wet spinning for the formation of complex
and internally structured hydrogel fibers. Importantly, the prototype PNGs both
supported and guided neurite extension, and the designs provided an excellent
foundation for the development of PNGs that support functional recovery following
long-gap peripheral nerve injuries.

7.2 Future Directions

Many opportunities exist for building on the foundations laid by this thesis. Naturally,
furthering the primary research goal of fabricating a next-generation PNG is one such
direction. However, the refinement of our novel materials and processing techniques, as
well as the exploration of new applications for these systems, provide interesting avenues
for research as well. This section outlines several areas of study originating from this
thesis that we believe hold significant promise.

Materials
Many of the biomaterials explored in this thesis have potential uses that extend
significantly beyond their designated application within our multi-functional PNG. For
example, the RGD-GG material described in Chapter 3 had favourable processing
characteristics for bioprinting, and was observed to support the differentiation of both
C2C12 skeletal muscle cells and primary cortical neurons. The apparent suitability of the
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RGD-GG matrix for the differentiation of such dissimilar cell types is highly promising,
and indicates that RGD-GG may have wide reaching potential for tissue engineering
and bioprinting applications across disparate tissue types. Screening the growth and
differentiation behaviours of a wide variety of cell types in RGD-GG scaffolds would
present a useful research avenue, and may reveal RGD-GG’s potential to support
engineered tissue types beyond those explicitly explored here. Recent literature suggests
gellan gum may be of particular relevance for cartilage and bone regeneration, and we
would recommend RGD-GG formulations be assessed for these tissue types as a priority.
However, it is notable that the mechanical properties of RGD-GG are not currently
sufficient to withstand the mechanical stresses expected in load baring tissues, a
characteristic shared by most of the hydrogels tested here. The development of
mechanically robust hydrogels, or systems for supporting soft gels in vivo, presents
another key direction for future research. In the appendix to this thesis we report several
attempts to reinforce NaGG-based hydrogels through an ionic-covalent entanglement
(ICE) approach. One system, which combined NaGG with a covalent network of gelatin
and genipin, was particularly promising, and further development of this material would
be recommended as an avenue for strengthening NaGG and RGD-GG based hydrogels
to enable their application in the regeneration of load bearing tissues.

The conductive materials explored in Chapter 4 also hold potential beyond their role in
an electroactive PNG. During cytotoxicity studies, chemically synthesised PEDOT:DS
microparticles were observed to co-localise with L929 cells and may have been absorbed
within the cell bodies. Although chemically synthesised PEDOT:DS dispersions were
ultimately deemed unsuitable for application within the PNG, this uptake phenomenon
may render chemically synthesised PEDOT:DS useful as a carrier of charged drug
molecules. Whilst such applications were well outside the scope of the present thesis, the
potential for PEDOT:DS to act as a drug delivery vector is exciting, and warrants further
dedicated study. PEDOT:DS also has excellent potential as a surface coating for
electrodes and electrode arrays when formed as an electropolymerised film. Equivalent
systems based around PEDOT:PSS have already shown promise for the recording and
stimulation of neural and muscle tissues, and it would be useful to directly compare
PEDOT:PSS and PEDOT:DS in these applications to further elucidate the impacts of the
biopolymer dopant. Finally, the wet-spun rLCGO fibers generated in Chapter 4 and later
applied in the prototype PNG in Chapter 6 present a novel platform for the
simultaneous alignment and electrical stimulation of cells. Whilst the rLCGO system
was only applied to stimulate PC12 cells in the present research, the rLCGO platform
may also prove valuable in the engineering of other highly-aligned tissues, such as
muscle fibers and nerve fibers. Assessing the potential of rLCGO fibers in these contexts
would be a highly valuable extension to this thesis.
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Processing Techniques
The two processing techniques developed in this thesis, hand-held bioprinting and fiber
wet-spinning, have quite distinct potentials for ongoing development. The wet spinning
system is relatively specialised, and was specifically designed for the niche application of
producing PNGs. As a result, we anticipate that further refinements of this system will
be conducted with the principle aim of improving the design and functionality of the
PNGs themselves. One such improvement would be the incorporation of in-line
gradients along the length of wet-spin fibers. Such gradients would be of particular
benefit to a nerve guide if employed to deliver Schwann cells and neurotrophic factors
in a spatially controlled arrangement that replicates the natural Bands of Büngner. The
development of such a gradient-spinning system was underway at the time of
completion, and preliminary results from this work is reported in the appendix to this
thesis. Further development of this gradient-spinning method and its integration with
the main wet-spinning system is recommended to enable the controlled delivery of
Schwann cells and neurotrophins.

In comparison with wet-spinning, the hand-held bioprinting tools developed in Chapter
5 are relatively versatile, and present opportunities in applications beyond the
fabrication of PNGs. However, further testing and refinement of this tool would be
recommended in order to support their wider use. In particular, a detailed assessment of
the impact of shape and diameter of the printing nozzle on the integrity of formed
hydrogels would be beneficial, particularly if it improved the stacking of printed
hydrogel layers. Similarly, a broader assessment of the impacts of altering the relative
flow rate of the biopolymer and cross-linker solutions would be beneficial in improving
the consistency and precision of printing. To maximise the usefulness of these tools in a
research context, it would also be beneficial to significantly expand the range of
materials processed using the tools to render them useful in a wider array of applications.
RGD-GG, applied here for the patterning of cortical neurons, could likely be directly
employed with other tissue types immediately. Equivalent peptide-modified alginates, as
well as blends of anionic polysaccharides and cell-support molecules, would both warrant
assessment and could enhance the range of tissues types that can be fabricated by these
tools. Finally, the fully hand-held system may also find use as a tool in science outreach
and education, providing a hands-on demonstration of key concepts in the fields of
biofabrication and tissue engineering without the significant expense of fully-automated
bioprinting systems.

Peripheral Nerve Guide Design
The prototype PNG reported in Chapter 6 provides a promising system for supporting
the regeneration of peripheral tissues, however several further refinements of the present
design are recommended. Perhaps the most important single improvement still required
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before the prototype PNG is suitable for in vivo application is the addition of a sheath
material. As noted in the introduction, it is critical that a PNG is sufficiently strong to
withstand suturing and remain stable in vivo for a period of weeks to months, a design
criteria that is likely not fulfilled by the current hydrogel sheath. In the appendix to this
thesis we report a preliminary examination of several systems with potential to fulfil this
sheathing role, including ICE hydrogels and electrospun meshes. However, further
development and testing of these materials is required before they could be applied
within the PNG design, and this should be considered as a key goal in the further
development of our multi-functional PNGs.

Another avenue for improving upon our present PNG design would be the
incorporation of autologous Schwann cells and neurotrophins, both of which serve to
support and guide regenerating axons. It is anticipated that these new components could
be delivered as part of the wet-spinning process by incorporating them with the
biopolymer suspensions that are delivered to form the hydrogel layer of the PNG. As
noted earlier, it is expected that efficacy of Schwann cells and growth factors would be
maximised if the materials are delivered as longitudinal gradients, and a system for
forming in-line gradients within the wet-spun fibers is reported within the appendix.
However, the simultaneous delivery of live Schwann cells within the hydrogel layer will
also require refinement of the biopolymer suspensions to render them suitable for cells
in both the liquid and gel states. These reformulated suspensions should afford suitable
osmotic conditions for the cells, whilst also limiting the concentration of divalent
cations that would cause premature gelation of the biopolymer at 37 ˚C. Furthermore,
we anticipate that the ALG biopolymer applied throughout Chapter 6 would not provide
an optimal environment for the delivered Schwann cells. Whilst ALG was useful to
accelerate the development of the wet-spinning methodology, owning to the material’s
fast gelation kinetics and dense network, ALG lacks specific cell binding motifs that can
support natural cell function. Replacing the ALG with more cell-supportive biopolymers
such as RGD-GG, peptide-modified alginates, or blends containing ECM proteins is
recommended as a stepping stone towards the delivery of live-Schwann cells within the
hydrogel layer of the PNG.

A final suggested area for improvement of our PNG designs is increasing the number of
axon-supportive lumens per fiber. The most complex PNG fibers spun to-date contained
four collagen-filled lumens, yet the hydrogel fiber could potentially accommodate
several dozen. Increasing the packing density of these lumens would be beneficial as it
would render a greater proportion of the PNG’s cross sectional area permissible for
axonal outgrowths, and bring the fibers more closely in line with the structure of natural
nerve fibers. Similarly, the packing density of rLCGO fibers should be increased in line
with the number of collagen-filled lumens to help ensure a close proximity between
individual electrodes and the regenerating axons. Regardless of the final structure
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applied, the efficacy of electrical stimulation via the rLCGO electrodes should also be
validated in situ within PNG fibers. Stimulation applied through rLCGO electrodes in
planar and simple fiber arrangements was demonstrated to enhance neurite outgrowth
from PC12 cells in Chapter 3, however it is yet to be confirmed that similar benefits are
imparted by active stimulation within the PNG itself.

Expanded Cell Testing
A major stepping stone towards the eventual clinical application of our multi-functional
PNGs will be a significant expansion of the range of cell models applied to validate
them. The major neural model applied throughout this thesis, PC12 cells, was selected
due to its simplicity, fast throughput and in consideration of the ethical issues associated
with animal sacrifice and live animal testing. However, in order to progress this work
towards clinical application it is important that testing protocols for PNGs be extended
to include the most accurate and rigorous models available. The likely next step in this
process would be the application of dorsal root ganglion (DRG) explants. DRGs are
commonly sourced from the spinal column of prenatal or perinatal rodents, and provide
a source of fast growing neurons and their associated glia. Monitoring the extension of
neurons from DRGs has been routinely applied as a method for assessing peripheral
nerve regeneration and is considered to be a reliable proxy for the extension and
recovery of motor neurons in vivo. With appropriate ethical approval and animal
handling, such DRG experiments could be applied directly to the current PNG
prototype and would provide a more reliable assessment of the fibers than the PC12 cell
testing applied thus far. Ultimately, however, the PNGs will need to be assessed using
the most reliable pre-clinical model available, being the repair of transected sciatic nerves
in live mammals, most commonly rodents or rabbits. Such studies would be contingent
on the addition of a tough sheathing material able to withstand suturing, and should also
be limited to fibers that have exhibited promise during DRG experiments, due to ethical
considerations. Nevertheless, in vivo testing should constitute a major goal of any future
researcher seeking to extend these multi-functional PNG fibers towards their intended
clinical application.
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Chapter 8:

APPENDIX

S

everal avenues of research undertaken during the course of this thesis yielded
notable results, but did not feed directly into our prototype nerve guide. To
.
preserve a consistent narrative in the main body of this thesis, such studies were
omitted from the major results chapters and are instead presented here as
appendices. In each case the relevance of these studies to the over-arching goal of
fabricating multi-functionalised PNGs is discussed, and suggestions are made for further
experiments that would expand the impact of these studies.
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8.1 Appendix 1: Ionic-Covalent Entanglement Hydrogels
As detailed in Chapter 3, both collagen and RGD-GG hold promise as cell-supportive
materials for tissue engineering, however collagen and RGD-GG hydrogels were also
found to be mechanically weak. Whilst soft materials are favourable for axonal
regeneration, the broader requirements of a PNG include an ability to withstand
processing, handling, suturing and in vivo implantation, conditions that demand a
considerable level of strength and resilience. Although NaGG and RGD-GG do possess
some degree of mechanical integrity, the hydrogels were still found to be brittle under
compressive load and are unlikely to withstand suturing and implantation without
additional support. This section describes the reinforcement of polysaccharide hydrogels
to render them sufficiently robust to act as a sheath material for the PNG.

8.1.1 Epoxy-Amine/Polysaccharide ICE Hydrogels
8.1.1.1 Composition and Formation
Enhancing the mechanical resilience of polysaccharide hydrogels was primarily explored
through an ionic-covalent entanglement (ICE) approach, whereby the ionically crosslinked polysaccharide networks are supplemented with a secondary covalent network,
leading to significant toughening. The first such ICE hydrogels were formed using a
secondary network of the epoxy/amine, formed from the diepoxy, PEGDGE, and
diamine, Jeffamine ED-2003. These materials were chosen as their cross-linking
mechanism could occur simultaneously with the ionic cross-linking of GG and related
polysaccharides, allowing for a one-pot synthesis of the ICE network. Further, both
Jeffamine [424] and PEGDGE [425] had been previously reported as components of
functional cell-scaffolds. The EA-ICE hydrogels were initially screened with a range of
potential anionic polysaccharides, with those hydrogels formed using GG and two
carrageenans (iota and kappa) being carried on for further study. A schematic diagram of
the network structure within these ICE hydrogels, as well as an image of a formed
hydrogel, is presented in Figure 8.1.
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Figure 8.1: Epoxy-Amine Based Ionic Covalent Entanglement Hydrogels: (A) The chemical structures
and a schematic diagram of an EA-ICE hydrogel, combining covalently linked PEGDGE and Jeffamine
with an ionic network formed from carrageenan and Ca2+. (B) A disc of fully cured EA-ICE hydrogel
being flexed in half, a process that would likely fracture a conventional polysaccharide hydrogel.

8.1.1.2 Mechanical Properties
The mechanical properties of hydrogels formed as EA-ICE networks and single-network
gels formed from their constituent polymers were assessed for mechanical properties
under compression and oscillatory shear (Figure 8.2). In all cases, the inclusion of the EA
lead to significant increases in the flexibility of polysaccharide hydrogels, increasing
strain-to-break under both compression and shear for all systems. This flexibility was also
evident in EA single networks, which withstood the maximal applied compression
strains of 80 % and LVE regions extended to shear strains of 41 %. More notably, ICE
gels formed using i-CG and k-CG showed substantially higher compressive moduli and
strengths than either the epoxy-amine network or polysaccharide networks individually,
with the synergistic reinforcement effect being most prominent at high strain. For
example, k-CG/EA gels compressed to strains of 80 % exhibited a stress response that
was approximately five times higher than EA single network gels (930 ± 130 kPa vs 79 ±
39 kPa). Similar trends were replicated in oscillatory shear measurements, with k-CG/EA
hydrogels exhibiting a LVE storage modulus (120 ± 57 kPa) that was six-fold higher than
EA (21.2 ±5.0 kPa) and almost twice that recorded for k-CG (72.4 ± 6.3). The length of
the LVE region, an indicator of the material’s maximal reversible shear strain, was similar
across EA-ICE and EA-single network hydrogels (41–58 %), but substantially improved
upon the flexibility of GG (0.288 ± 0.053 %) and k-CG (0.61 ± 0.22) single networks.
In summary, both iota and kappa carrageenan EA-ICE gels exhibited reinforcement
across most of the key metrics, whereby EA-ICE gels out-performed either EA or
polysaccharide networks individually. Such synergistic reinforcement has been observed
for other doubly-networked hydrogels [426], and is attributed to improved distribution
of stress across the polymer network, leading to slower and more energetically intensive
crack propagation [427]. Notably, this reinforcement effect was less prominent in GG
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based ICE hydrogels, with GG/EA-ICE networks exhibiting mechanical properties that
were broadly in line with those of single network EA gels. The origin of this unexpected
behaviour in the GG system is unclear, however even in the absence of strong
synergistic reinforcement the GG/EA-ICE network was considered to be an
improvement on GG, primarily due to the greatly increased yield strains, allowing the
material to be repetitively flexed without failure.

Figure 8.2: Mechanical Properties of EA-ICE Hydrogels: Typical stress/strain curves under linear
compression (A) and oscillatory shear (B) for EA ICE hydrogels formed using kappa-carrageenan (A1,
B1), iota-carrageenan (A2, B2) and gellan gum (A3, B3). Summary tables of the key mechanical properties
for both ICE and single network hydrogels under compression (C) and shear (D). Compression metrics
include compressive modulus (ξtan), failure strain (εf) and either ultimate stress (σf) or, when no failure
was observed, stress at 80 % strain (σ80). Shear measurements report linear viscoelastic storage modulus
(G’), LVE loss modulus (G”) and yield strain (γmax). Water content (WC) is listed for each hydrogel
system.
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8.1.1.3 Cell Response
Following on from mechanical studies, the cytotoxicity of GG/EA ICE hydrogels was
assessed for both L929 and PC12 cells. The cell populations were encapsulated within
GG/EA ICE hydrogels and NaGG single network control gels using the same approach
previously applied to NaGG hydrogels. Briefly, cells suspended in DMEM were mixed
into warm (40˚C) polysaccharide solution prior to mixing the components of the EA
network, transferring to cell culture wells and setting with 10 µL of 1 M CaCl2 added
drop-wise. After 15 min, gels were covered with fresh media and transferred to a cell
culture incubator. After three days of culture, gels were stained for the live/dead markers
calcein/PI and imaged under a fluorescence microscope (Figure 8.3). In line with
previous studies, populations of both L929 and PC12 cells encapsulated in singlenetwork NaGG hydrogel controls exhibited very high cell viabilities in excess of 98 %,
with the PC12 cell clustering behaviours previously observed for NaGG (Chapter 3,
Section 3.1.7) also being evident. The EA-ICE hydrogels, however, proved to be
significantly more toxic, with PI-stained (dead) cells accounting for approximately half
of the total L929 cell population after three days. PC12 cell populations were affected
even more severely, with no green-fluorescent (viable) cells observed after three days of
encapsulation. Notably, the distribution of PC12 cells throughout the EA-ICE hydrogel
rather than as dense clusters indicated that cell death may have occurred rapidly, before
cells migrated or proliferated through the gel. Certainly, it is clear that the EA-ICE
network was having an unacceptably large and negative impact on cell viability, a factor
we attributed to the slow reactivity of the covalent epoxy-amine network, such that the
encapsulated cells would be exposed to a significant quantity of unreacted or partially
reacted epoxy groups. Whilst Hamid et al. had previously reported hydrogels containing
PEGDGE to sustain viable cells [425], the gels had undergone multi-day curing and
washing processes prior to the cell seeding, a process that was likely to greatly reduce the
presence of unreacted epoxy in the material. Another author, Tang et al., reported
moderate cytotoxicity in a Jeffamine-based epoxy micro-particle system despite
centrifuge purification steps [428], however the authors attributed cell death to surface
charge affects rather than any inherent toxicity of the materials. Overall, it is considered
likely that EA-ICE hydrogels may still make suitable platforms for cell seeding if the
network is afforded long cure times and extensive washing prior to the seeding of cells,
however such processes were not in line with our intended PNG fabrication methods,
which called for a simultaneous delivery of cells and support materials. For these reasons,
the EA-ICE hydrogel networks were deemed unsuitable for further application within
the PNG, and alternative systems were explored.
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Figure 8.3: L929 and PC12 Cell Survival in GG/EA-ICE Hydrogels: Live-dead fluorescence staining of
L929 (A1, B1) and PC12 (A2, B2) cells encapsulated in either GG/EA-ICE (A) or NaGG (B) and cultured
for three days. Scale bars represent 500 µm.

8.1.2 Genipin/Gelatin/Gellan Gum ICE Hydrogels
8.1.2.1 Composition and Formation
The second ICE hydrogel considered for application as a sheath for the PNG was a fully
biomaterial-based system initially developed by fellow researcher Dr. Damian Kirchmajer
(UOW), and reported in Kirchmajer and in het Panhuis [328]. Dr. Kirchmajer’s ICE
hydrogel was formed by the combination of a gellan gum/Ca2+ ionic network with a
covalent network of gelatin cross-linked with genipin, a compound derived from the
gardenia plant Gardenia jasminoides. This gelatin-genipin-gellan gum ionic covalent
entanglement (G 3-ICE) network was an attractive alternative to EA-ICE hydrogels as all
three constituent materials possessed low cytotoxicity, and was expected to allow for
direct cell-encapsulation whilst retaining the toughness associated with ICE networks.
Furthermore, G 3-ICE networks may benefit from the biofunctional properties of gelatin,
an ECM derivative likely to enhance cell binding, as well as genipin, a cross-linker with
low cytotoxicity [429, 430] and anti-inflammatory action [431]. Formation of G 3-ICE
hydrogels was successfully replicated following the methods reported by Kirchmajer and
in het Panhuis [328], with the ICE hydrogels curing to a deep blue colouration over 12–
24 h, a feature associated with electron delocalisation in the genipin cross-links. A
schematic of the network structure and an image of a G 3-ICE gel are presented in Figure
8.4.
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Figure 8.4: G3-ICE Hydrogels: (A) The chemical structures and a schematic diagram of a G3-ICE
hydrogel, combining covalently linked gelatin and genipin with an ionic network formed from gellan gum
and Ca+2. (B) A G3-ICE hydrogel undergoing tensile stretching.

8.1.2.2 Mechanical Properties
As with EA-ICE hydrogels, the mechanical performance of G 3-ICE hydrogels was
assessed under linear compression and oscillatory shear (Figure 8.5). Under compression,
G 3-ICE gels outperformed single-network GG hydrogels in terms of ultimate strength
(33.7 ± 1.7 vs. 4.4 ± 1.5 kPa) and ductility (41.2 ± 3.2 vs. 25.4 ± 5.7 %), as well as
having higher compressive modulus (147 ± 19 vs. 33 ± 11 kPa). Similarly, G 3-ICE
hydrogels under oscillatory shear exhibited linear viscoelastic regions with higher storage
moduli (4.18 ± 0.12 kPa) and greater stain extent (3.11 ± 0.81 %) than GG single
networks (1.93 ± 0.10 kPa and 0.98 ± 0.43 %, respectively). The relative improvement
in mechanical properties seen for the G 3-ICE hydrogels compared with GG single
networks was similar to those observed for the k-CG/EA-ICE hydrogels compared to
single networks of k-CG, and also broadly in line with the mechanical testing results
reported by Kirchmajer and in het Panhuis [328]. Combined with the tensile, toughness
and cycling tests reported by Dr. Kirchmajer, these results suggested G 3-ICE hydrogels
to be highly promising materials for application as a tough, cell-scaffolding hydrogels.
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Figure 8.5: Mechanical Properties of G3-ICE Hydrogels: Typical stress/strain plots of G3-ICE and GGsingle network hydrogels under linear compression (A) and oscillatory shear (B). (C) Summarised
mechanical properties of the networks.

8.1.2.3 Cell Response
The cytotoxicity of G 3-ICE gels was assessed with both L929 and PC12 cells. As with
EA-ICE hydrogels, cell populations were suspended into warmed polysaccharide
solutions prior to the mixing of covalent network components, transferring to cell
culture wells and setting through the addition of Ca2+. After 15 mins, the forming G 3ICE hydrogels were covered with cell culture media, transferred to a cell culture
incubator, and then monitored over a three-day period. Bright-field and calcein/PI
fluorescence microscope images of these cell populations is presented in Figure 8.6. In all
cases, the deep blue colouration of the G 3-ICE hydrogels presented complications for
successful imaging. In the case of bright-field images, the combination of high light
source intensity, long exposure times and rendering in greyscale was sufficient to
successfully image cells within the G 3-ICE network, with both L929 and PC12 cells
exhibiting behaviour similar to those seen within RGD-GG hydrogels, i.e. modest cell
spreading in L929 cells and reduced PC12 cell clustering compared with NaGG,
behaviours previously associated with the cell binding provided by the RGD motif, but
in this case likely to be associated with the presence of gelatin. The deep pigmentation of
G 3-ICE hydrogels frustrated attempts to obtain a more detailed understanding of
encapsulated cell populations using fluorescence techniques. Images of live-dead
(calcein/PI) stained cells are presented (Figure 8.6: A3, B3), and demonstrate the high
levels of background and minimal contrast typical of the fluorescence images. Whilst it
can be seen from these images that green-fluorescent (viable) cells dominated both L929
and PC12 cell populations, accurate quantification of viability was not readily achieved
due to the low contrast between cells and background fluorescence. It was, however,
clear that G 3-ICE hydrogels provided a more favourable encapsulation environment for
PC12 cells than the EA-ICE networks.
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Overall, it was considered likely that G 3-ICE hydrogels would make a suitable sheath
material for multi-functionalised PNGs, providing a processable, tough, porous and
cytocompatibile hydrogel. However, the low optical clarity of G 3-ICE networks
complicated analysis of cells encapsulated within the network, limiting its usefulness in
developmental studies. For this reason, G 3-ICE hydrogels were only sporadically
employed elsewhere in this thesis, primarily as acellular gels in applications of the handheld reactive printing process, as reported in Chapter 5.

Figure 8.6: Cell Response and Imaging on G3-ICE Hydrogels: L929 (A) and PC12 (B) cells seeded onto
G3-ICE hydrogels after 24 (A1, B1), 48 (A2, B2) and 72 h (A3, B3). Calcien/PI fluorescence (A3, B3)
images demonstrate the low contrast and high background fluorescence observed for G3 ICE hydrogels,
attributed to the reacted genipin, which also rendered gels deep blue in colouration (C).

8.1.3 Gellan Gum/Polyacrylamide ICE Hydrogels
A final ICE network investigated alongside EA-ICE and G 3-ICE was a gellan gumpolyacrylamide (GG/PA-ICE) system, primarily developed by Dr. Shannon Bakarich
(UOW). The material combined the GG-Ca2+ ionic network with a secondary covalent
network of long-chain polyacrylamide (PA), cross-linked with methylene bisacrylamide
(MBAAm) (Figure 8.7: A). Like the EA-ICE and G 3-ICE networks, this combination of
reagents allowed for ‘one-pot’ synthesis of an interlocked network with ionic and
covalent components, yielding a tough hydrogel that withstood significant compression
without failure (Figure 8.7: B). Whilst not initially intended for PNG application, the
GG/PA-ICE material exhibited several notable properties with regards to mechanical
strength, processability and recovery relevant to ICE hydrogels more broadly.
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Figure 8.7: Polyacrylamide/Gellan Gum Based ICE Hydrogels: (A) The chemical structures and a
schematic diagram of a GG/PA-ICE hydrogel, combining methylenebisacrylamide (MBAAm) linked
polyacrylamide and an ionic network formed from gellan gum and Ca+2. (B1–B3) A GG/PA-ICE
hydrogel before (B1), during (B2) and after (B3) compression.

Mechanical testing of GG/PA-ICE hydrogels, performed by Dr Bakarich, confirmed that
the gels exhibited superior strength and toughness compared to either GG or PA
hydrogels individually (Figure 8.8), in line with the observations of other ICE hydrogel
systems. More notably, the GG/PA-ICE hydrogels were also found to have a significant
potential for recovery from applied compressive strains [355]. Like most polymer based
hydrogel systems, GG/PA-ICE networks exhibited hysteresis, in which secondary or
tertiary compressions during cyclical hydrogel testing exhibit lower stress responses than
the initial cycle (Figure 8.8: A1) indicating network damage had occurred. However, it
was noted that soaking GG/PA-ICE hydrogels in an electrolyte solution (PBS) between
cycles, greatly reduced the hysteresis effect, indicating the material had recovered its lost
strength (Figure 8.8: A2). Furthermore, the degree of recovery was found to correlate
with the period of time the gels were treated with PBS solution (Figure 8.8: B). This
recovery phenomenon was attributed to reversible breaking of the cation-mediated
junction zones in the GG network. These sites are initially broken during the first
compression cycle, displacing the ions that previously bound the GG helices together.
However, the influx of excess ions from the PBS bath allowed for the reformation of
these junction zones, returning the network to its original state. Notably, this
mechanism of recovery is not unique to GG/PA, but theoretically applies to all ICE
hydrogels provided the initial network disruption occurs at the ionic junction zones.
Explicitly testing these recovery behaviours in the EA-ICE and G 3-ICE networks would
be valuable for improving the fundamental understanding of their breakdown
mechanisms, as well as optimising recovery profiles and network design.
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Figure 8.8: Mechanical Properties of GG/PA-ICE Hydrogels: (A) Cyclical loading and unloading curves
for as prepared GG/PA-ICE (A1), as well as GG/PA-ICE gels allowed to soak in PBS between cycles (A2).
Exposure to the salt bath lead to a recovery in network strength proportional to soaking time, exhibited in
toughness measurements over multiple cycles (B). (C) A summary of the mechanical properties of GG,
PA and GG-PA ICE hydrogels under linear compression including compressive modulus (ξtan), failure
strain (εf), ultimate stress (σf) and toughness (U).

As noted, the GG/PA-ICE system was not developed for application as a PNG and its
cell encapsulation potential was considered to be poor. In particular, the synthesis of PA
gels and GG/PA-ICE networks required hot (~70 ˚C) processing steps that were not
conducive to the encapsulation of live cells. As with EA-ICE, it is possible that post
seeding of fully cured GG/PA-ICE scaffolds would provide a viable route towards the
application of the material as a cell scaffold, however no cell viability tests were
performed. Overall, the material was considered less suitable for cell encapsulation than
the G 3-ICE network already reported, and was not applied in further cell studies.

8.1.4 Suggested Studies on ICE Hydrogels
The ICE networking approach was broadly successful in its primary goal of increasing
the hydrogel strength and toughness, however a number of other factors limited the
usefulness of the current array of ICE hydrogels for tissue engineering applications. Of
the networks assessed here, the gelatin-genipin-gellan gum ICE (G 3-ICE) appeared to be
the most promising as a cell-encapsulating material, and supported L929 and PC12 cells
at high viability. However, the ICE networks reported here represented a very small
subset of the possible combinations of ionic and covalent networks, and many potential
ICE hydrogel compositions remain untested. As a result, there is significant scope to
expand this work through the formation and testing of a wide range of ICE networks
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tailored for specific tough hydrogel applications. Indeed other research groups are also
actively exploring this space, and Hong et al. recently reported an ICE system based on
alginate and poly(ethylene glycol) that was tough, printable and cell friendly [432], and
may warrant consideration as a PNG sheath.

The strong pigmentation of G 3-ICE gels was a key detriment for the otherwise
promising hydrogel system, as it greatly impeded the ability to assess cell behaviour
within the scaffold. Refining the composition of G 3-ICE hydrogels through reducing or
replacing genipin may identify formulations in which the hydrogel provides both
mechanical toughness and sufficient optical clarity for fluorescence studies.
Alternatively, the behaviour of cells within the current G 3-ICE hydrogels may be better
examined through non-optical techniques such as PCR. Developing protocols for the
assessment of neural differentiation and axonal extension within G 3-ICE hydrogels
would be a useful step towards their potential implementation in PNGs.

There is significant potential for ICE hydrogels to contribute to the biofabrication of
complex scaffold structures. Following on from initial materials development, we
demonstrated the printing of G 3-ICE hydrogels using the hand-held reactive printing
tool developed in Chapter 5 [433], whilst Dr. Bakarich has also reported the bioprinting
of several ICE hydrogels, including EA-ICE [434] and an alginate variant of the
GG/PA-ICE system [435]. Further developments of the printing protocols for ICE
hydrogels will likely enable the bioprinting of tough tissue scaffolds with encapsulated
cells, or the incorporation of tough hydrogel components within more complex
structures.

Finally, the recovery behaviour observed for PBS-soaked GG/PA-ICE hydrogels,
attributed to the reformation of the ionic junction zones, theoretically applies to other
ICE hydrogels including EA-ICE and G 3-ICE. Applying the cycle testing and recovery
experiments performed on GG/PA-ICE to the other ICE systems would provide useful
information on their structure and breakdown mechanisms, and assist in validating the
hypothesised mechanism of recovery in the GG/PA system.
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8.2 Appendix 2: Electrospun PCL/PPy Membranes

Although the G 3-ICE hydrogel system held some potential as a PNG sheath, the material
was still not ideal, leading to consideration of alternative approaches. Specifically, a
robust sheath material that could be wrapped around the softer hydrogel elements of the
multi-functionalised PNG was needed. As highlighted in previous reviews, artificial
polymeric materials are often more reliably processed than biologically derived ones,
allowing for better control of porosity and mechanical properties in the final structure
[436]. For materials intended for use as a tough PNG sheath, these factors are arguably
more critical than cell adhesion or biofunctionality. Indeed, numerous cytocompatible
and biodegradable artificial polymers have already been developed and applied in
biofabrication and tissue engineering research, notably poly(lactic acid) (PLA) [96],
poly-(lactic-co-glycolic acid) (PLGA) [97] and poly-caprolactone (PCL) [95]. Many such
materials have been successfully processed into highly porous mats by electrospinning
[437], a technique by which an electrically charged polymer feedstock solution is rapidly
drawn from a spinneret with the aid of a strong electric field, leading to the formation
and deposition of extremely fine filaments of the polymer. Electrospun PCL meshes
have already been reported as highly porous, biocompatible and biodegradable scaffold
materials [438], and such materials have almost immediate potential for application as
PNG sheaths. In this section we describe the development and testing of a PCL-based
mesh that was additionally functionalised by the addition of a layer of the conductive
polymer polypyrrole (PPy), allowing it to act as both a mechanical sheath, and a
counter-electrode during the stimulation of nerve cells via encapsulated LCGO fibers.

8.2.1 Fabrication
The initial design and fabrication of PCL/PPy meshes was performed by Mr. Sajjad
Shafei (Deakin University) and is described in Shafei et al. [439]. The underlying PCL
mats, formed using standard electrospinning methods, were electrosprayed with the
oxidant iron(III) p-toluene sulfonate (Fe.pTS), followed by the vapour-phase
polymerisation of PPy in situ on the surface of the PCL. Images of the PCL and
PCL/PPy mats are shown in Figure 8.9 alongside SEMs taken by Mr. Shafei at various
stages through the PPy deposition process. Over the 4 h oxidant deposition period, the
coverage of PPy on the PCL surface was found to gradually increase to a coating of ~80
% and an average thickness of 5 µm. As a surface-functionalisation approach, the
technique did not impact the scaffold’s internal porosity, however the surface porosity
was reduced from 55 % initially, down to 20 % in a 4 h Fe.pTS coated sample.

230

Figure 8.9: Fabrication of PCL/PPy Membranes: (A) Comparison of oxidised PPy/PCL and PCL only
mats. (B) SEM images of PCL mats after 0, 1, 2, 3 or 4 h (B1–B5, respectively) of PPy/oxidant electrospray.
(C) The measured thickness and surface coverage of PPy on PCL mats across each spray interval. (D) The
surface and internal porosities of the PCL mats with increasing PPy/oxidant electrospray times. Scale bars
represent 10 µm.

8.2.2 Cell Response
The cytotoxicity of the PCL/PPy membranes was assessed by seeding cells onto
PCL/PPy and PCL surfaces that had been affixed within cell culture wells, washed with
H2O and then pre-soaked in DMEM for 24 h, as well as on tissue culture plastic (TCP) as
a control. L929 cells were seeded into each well and incubated for 48 h prior to live/dead
(calcein/PI) fluorescence staining. Fluorescence images of cells on each of the three
materials are presented in Figure 8.10. In all cases, L929 cells retained a high level of
viability, with survival rates on PCL/PPy (97.6 ± 2.7 %), PCL only (95.3 ± 3.4 %), and
TCP (99.2 ± 1.9 %) all being within ± 1 S.D. of the PCL-PPy mesh. The underlying
PCL and PCL/PPy membrane structures did not appear to influence the morphology of
the attached L929 cells.
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Figure 8.10: Viability of L929 Cells on Electrospun PPy/PCL Membranes: (A-C) Calcein (green) and
PI (red) stained L929 cells 48 h after seeding onto surfaces of tissue culture plastic (A), uncoated
electrospun PCL (B) and PPy coated electrospun PCL (C). (D) The viability rates for L929 cells on the
three surface types. Scale bars represent 200 µm. Error bars represent ± 1 S.D.

Following L929 cell-viability studies, the interactions of the PCL/PPy mats with
neuronal PC12 cells was assessed. Additional PCL/PPy and TCP backed chambers were
seeded with PC12 cells, filled with growth media, and incubated. After 24 h, the media
was replaced with low serum, NGF supplemented differentiation media, and cells were
incubated for 4 days, including a replacement of DM after 48 h. After 4 days of
differentiation, the cell populations were fixed and immunostained for ß-III tubulin and
DAPI, and imaged under fluorescence microscopy (Figure 8.11). On both TCP and
PCL/PPy surfaces, PC12 cells stained positively for ß-III tubulin and exhibited cell
morphologies consistent with differentiating neuronal cells. Neurite outgrowth rates
were similar between the two surfaces; with maximum neurite lengths of 150 µm and
approximately 40 % of cells exhibiting some level of neuronal outgrowth. These results
were viewed as positive signs for the potential application of PCL/PPy mats as direct
stimulation surfaces for PC12 cells, as well as their potential application as electroactive
PNG sheaths, however the results were preliminary and a more thorough study would be
highly beneficial.
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Figure 8.11: PC12 Cell Differentiation on Electrospun PCL/PPy Membranes: PC12 cells,
immunostained for ß-III tubulin (red) and DAPI (blue), after 4 days of differentiation on tissue culture
plastic (A1, A2) and PCL/PPy membranes (B1, B2). Scale bars represent 100 µm

8.2.3 Electrochemistry
One of the potential applications of a PCL/PPy composite is the stimulation or
recording of cells. An assessment of the electrochemical behaviours of the PCL/PPy
membranes was made using the cyclic voltammetry (CV) technique. PCL/PPy mats
were trimmed to form 1 cm2 working electrodes, which were immersed in either
TBAP/acetonitrile or hexamineruthenium(III) (RuHex)/H2O as part of a three-electrode
cell with a platinum mesh counter electrode and a Ag/AgCl reference electrode.
Sweeping potentials between -0.8 to +0.6 V (TBAP/acetonitrile) and -1 to +1 V
(RuHex/H2O) yielded the CV plots presented in Figure 8.12. In the organic
(TBAP/acetonitrile) solvent system, the PCL/PPy films exhibited a capacitive response
indicated by the large area encapsulated by the forward and reverse sweeps. Such a
capacitive response is reflective of the material’s high surface area, produced as the
polymerising PPy conformed to the micro-structured under layer of electrospun PCL,
and later visualised by SEM. However, the CVs also exhibited a significant slope,
indicating a high degree of electrical resistance within the PPy layer. This may be due the
gaps in the PPy layer that limit the continuity of the electrical pathway, or irregular
oxidation of the pyrrole. Notably, the CVs also did not reveal any redox behaviour,
activity that is commonly associated with conductive polymers, including PPy. Gold
mylar control electrodes run under the same conditions exhibited high conductivities
but minimal capacitance and no redox activity, as would be expected for a planar, inert
and metallic electrode.
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Figure 8.12: Cyclic Voltammagrams of Electrospun PCL/PPy Membranes: Typical cycles from 10-cycle
CV measurements of PCL/PPy, gold mylar and glassy carbon working electrodes in a redox inactive
organic system (A, TBAP/Acetonitrile) or redox active aqueous system (B, RuHex/H2O).

In a second set of CV experiments, the PCL/PPy material was tested in an aqueous
solution containing the redox-active electrolyte species RuHex. Control CVs using a
glassy carbon electrode demonstrate the redox cycling of this RuHex species in solution
(Figure 8.12: B), with clearly developed reduction and oxidation peaks appearing in the
forward and reverse sweeps. Employing PCL/PPy as the active electrode in this system,
however, did not produce a similar redox couple, and CVs instead indicated a primarily
resistive response with a modest degree of capacitance. Unlike experiments performed in
TBAP/acetonitrile, the lack of redox activity in the PPy-coated PCL surfaces in
RuHex/H2O is unlikely to derive from issues with the electrolyte, as RuHex was shown to
effectively redox cycle when glassy carbon electrodes were employed. It is therefore
likely that the PPy surface itself is not able to efficiently transfer charge into solution,
either during its own oxidation/ reduction, or to enable the cycling of a known redox
active electrolyte RuHex. This is concerning in terms of the potential application of the
PCL/PPy as a direct cell stimulation platform, where charge injection would likely be an
important factor in influencing cell behaviours. In terms of its specific role within a
multi-functionalised PNG, it is possible that the capacitive nature of the PCL/PPy would
be sufficient for it to act as a counter-electrode during the biphasic pulsed stimulation of
rLCGO, as applied in Chapter 4. Nevertheless, it is clear that the electrochemical
properties of electrospun PCL/PPy membranes are not ideal for cell stimulation
experiments in their current state, and further refinement is required.
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8.2.4 Suggested Studies on Electrospun Mats
The preliminary assessment of electrospun PCL/PPy mats indicated the material had
promise as a dual-functioning sheath in an electroactive PNG, providing a number of
improvements over the ICE hydrogel networks previously described. However, further
study is required before the potential of these mats could be properly determined. In
particular, a detailed mechanical analysis and biodegradation study would be critical in
determining whether PCL/PPy networks would provide a suitable PNG sheath material.
In this context, it is notable that the PCL layer is likely to strongly influence the
mechanical, biodegradation and conductivity properties of PCL/PPy membranes.
Controlling electrospinning conditions, and thereby PCL filament size, would likely
provide a viable route for optimising the properties of PCL-based PNG sheaths.

Whilst promising, several aspects of the cell studies on PCL/PPy could benefit from
further replication and extension. For example, the ß-III tubulin/DAPI stains of PC12
cells indicated that the cells differentiated and extended neurites, however neither the
viability nor the rate of neurite extension were quantitatively determined for PC12 cells.
Whilst more onerous, quantitative studies would be helpful in comparing the PCL/PPy
material to the other conductive materials used in this thesis, notably PEDOT:DS and
rLCGO. In this regard, it would also be interesting to employ the PCL/PPy membranes
in active cell stimulation experiments akin to those applied through PEDOT:DS, LCGO
and gold mylar films. However, the electrochemical studies performed on PCL/PPy to
date indicated that the material may not be well suited to the direct stimulation of cells
due to poor charge delivery. Redesigning the PPy/PCL system to include a highly
conductive layer between the PPy and PCL would likely improve the delivery of charge
to the surface, potentially enabling more efficient charge transfer through the PPy layer
and thereby improving its efficacy as a stimulation platform.

Assuming the electrochemical behaviour of PCL/PPy membranes can be improved, it
would be logical to implement the material as part of the multi-functionalised PNG
fibers reported in Chapter 6, in particular as a dual purpose mechanical support and
counter-electrode for biphasic pulsed stimulation applied via the rLCGO fibers. In this
context it is notable that the PCL/PPy membranes were opaque in the visible spectrum.
Whilst it was possible to grow and visualise cells on the surface of electrospun mats,
employing them in their intended role as a sheath to the PNG would obscure the cells
and axons growing within the guide. As noted with G 3-ICE hydrogels, this optical issue
does not directly impact on the growth rates and functional behaviours of cells within
the PNG, however it prevents the clear observation of these behaviours using light
microscopy. Developing analysis protocols that account for this issue would be key to
assessing the influence of PCL/PPy on the performance of a multi-functional PNG.
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8.3 Appendix 3: Alternate Wet Spinning Methodologies
8.3.1 Glass Dies
Prior to the implementation of stainless-steel spinnerets described in Chapter 6, initial
attempts to create multi-lumenal wet-spun fibers were made using a set of tapered glass
dies. The tapers were fabricated by Prof. Heike Ebendorff-Heidepriem (University of
Adelaide) as a bi-product of the fabrication of finely structured optic-fibers, whereby
initially large glass dies were heated and pulled to miniaturise their internal structures
[336, 337]. The pulling process left transitional ‘taper’ pieces between the large diameter
precursor fiber and small diameter optic fibers, and it was anticipated that spinning
cross-linker solutions through these taper pieces might provide a means of forming soft
hydrogel fibers with internal structures that matched the dies. Several die geometries
fabricated by Prof. Ebenforff-Heidepriem reflected those required of a PNG (Figure
8.13: A), and were applied in initial wet-spinning attempts.

During spinning, the broad end of the taper pieces were fed with 1 M CaCl2 solution,
delivered from a syringe pump via a line of silicon tubing. The narrow outlets from the
glass taper were then submerged in a bath of 1 % (w/v) NaGG, and CaCl2 was delivered
at a rate of 1 mL/min (Figure 8.13: B). Fibers drawn from this arrangement are shown in
Figure 8.13: C. Whilst formation of NaGG hydrogel fibers was successfully achieved
using this methodology, the structures of the fibers were not in line with expectations.
Regardless of the selection and internal structures of the employed glass tapers, all
produced fibers were coaxial in nature, with a single, broad internal channel. This result
was attributed to the solid nature of the glass tapers, whereby the space between flowing
channels of CaCl2 was occupied by the glass, creating a significant dead-space in the
cross-sectional profile of the tapers. During spinning, the CaCl2 flows were evidently
merging with one another before the bath solution of NaGG was able to infiltrate this
dead volume and begin gelation (Figure 8.13: B2). Due to this effect, alternative
spinnerets were sought with a minimal dead-volume between CaCl2 delivery channels,
culminating the in design and implementation of the stainless steel spinneret systems
described in Chapter 6.
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Figure 8.13: Glass Die Fiber Spinning: (A) A range of tapered glass dies with a variety of internal
structures were obtained from Prof. Heike Ebendorff-Heidepriem (University of Adelaide) [336, 337].
(B1, B2) CaCl2 solutions extruded via these heads into a biopolymer bath of 1% (w/v) NaGG were
intended to form micro-channels at each CaCl2 outlet (B1), however CaCl2 flows were observed to merge
(B2). Hydrogel fibers produced by this method (C1, C2) were coaxial in structure with an inner core
diameter ≥ 1mm, attributed to the merging of CaCl2 flows upon release from the die (B2).

8.3.2 Gradient Fibers
Another potential direction of wet-spinning research progressed during the course of this
thesis was the formation of fibers with internal gradients. Both material and trophic
gradients can influence the formation and behaviours of cells within engineered tissues.
For example, Santo et al. recently formed gradients of platelet lysates within
methacrylated GG scaffolds to direct the growth of human endothelial cells [440]. As
another example, Silva et al. created mechanical gradients within multilayered
chitosan/alginate scaffolds by altering the density of genipin-mediated cross-links,
influencing the spreading behaviour of seeded L929 cells [441]. We developed a gradient
wet-spinning process towards the goal of patterning growth factors, particularly NGF,
longitudinally along our multi-functionalised PNGs. NGF has long been known to
enhance neurite outgrowth rates [51], and has more recently been to shown to directly
guide neurite turning [84] and accelerate axon progression through PNGs [76] when
applied as gradients. Whilst further work towards this goal is required, several positive
steps were made in developing the fluidics and the spinning process, which are reported
here.
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8.3.2.1 Fluidics Design for Gradient Wet-Spinning
The first step taken towards the formation of fibers with internal gradients was the
design of pumping and fluidics. As a minimum, gradient fibers required two precursor
solutions to be delivered at controllable rates via a common outlet. To achieve this, two
programmable Legardo 180 syringe pumps (KD Scientific Inc) were connected with a
data cable and programmed to deliver flow rates that ramped in opposite directions, such
that the combined output from the two pumps remained constant. A set of
polysaccharide solutions (0.5 % GG, 1 % GG, 1 % ALG and 2 % ALG) were prepared
and each was drawn into two 10 mL syringes, one of which was supplemented with food
colouring to assist in visualising the gradients. Pairs of polysaccharide solutions were
then placed into the syringe pumps such that a variety of concentration and material
pairings could be assessed, with one dyed and one undyed solution being applied in each
case. Finally, the syringes were connected using a customised fluidic channel, initially
consisting of two Luer-lock inlets, a Y-Junction and flexible silicon tubing leading to a
single outlet that was positioned within a CaCl2 receiving bath (Figure 8.14: A).

During initial runs it was noted that the programmed delivery of mixed flows (e.g.
50:50) did not yield a homogeneous output, but rather a side-by-side release of the two
polymer solutions (Figure 8.14: B). If these two polysaccharide solutions were dissimilar
(e.g. 0.5 % GG and 2 % ALG), the parallel release profile was observed to lead to
spontaneous coiling in the resulting fiber (Figure 8.14: C). This coiling was attributed to
the differing gelation rates of the two polysaccharides, driving a heterogeneous
contraction of the fiber upon contact with the CaCl2 bath. The tightness of the produced
coil was related to the ratio of ALG and GG solutions released, and delivering a gradient
from 100:0–0:100 (ALG:GG) led to the formation of sequential regions of tight and
loose coils. This formation of coiled hydrogel fibers was considered detrimental to the
purposes of PNG fabrication, but may have applications in other contexts not
investigated here. In order to rectify this heterogeneous release profile, the system
fluidics were supplemented with a chaotic micro-mixing element, positioned within the
silicon tubing immediately following the Y-junction. With this mixer in place, the
homogeneity of fluid at the outlet was significantly improved, leading to linear fibers
with longitudinal gradients (Figure 8.14: C2). This combination of paired-pumps, a Yjunction and in line mixing was therefore applied in future iterations of the gradientprinting system.
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Figure 8.14: Fluidics in Gradient Wet-Spinning: (A) Schematic diagram of the dual syringe pump
gradient printing system. (B) The impact of a mixing element on the cross-section of produced fibers.
(C1, C2) Examples of fibers generated by the system including a 1 % GG:1 % ALG pair with no mixing
(C1) and a 0.5 % GG:0.5 % GG pair with mixing (C2).

8.3.2.2 Automation of Gradient Printing
Following on from the initial development of the fluidics, the gradient fabrication
technique was extended to an automated, 3D printing system by Dr. Shannon Bakarich
(UOW) and Dr. Robert Gorkin III (UOW). The system was constructed on the same
platform previously applied for the fully automated reactive printing system described in
Chapter 5. Briefly, two linear actuating Zaber pumps were employed to control the
delivery of feedstock solutions from two syringe barrels, whilst a 3-axis stage was
employed to move both the base (X/Y-axes) and print heads (Z-axis). For the formation
of gradient fibers, the two syringe barrels were loaded with distinct polysaccharide
solutions, and attached to the Y-junction and chaotic mixer fluidic arrangement
described earlier (Figure 8.15). As with initial fibers, the outlet from this fluidic
arrangement was submerged into a shallow bath of CaCl2 to cure the printed structures
upon release (Figure 8.15: B). The flow rates from the Zaber pumps could then be
programmed in complex delivery profiles to coincide with the motion of the stage.
Initially this system was applied to generate multiple lines of gradient fibers (Figure 8.15:
C1), or stacked scaffold structures (Figure 8.15: C2).
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Figure 8.15: Automated Printing of Gradient Scaffolds: (A) The 3D printer applied for the formation of
gradient fibers. (B1, B2) Detailed images of the print head during fiber formation. (C1, C2) As produced
gradient fibers (C1) and gradient scaffold structure (C2) formed by the manual stacking of fibers.

It is considered likely that further developments of the automated gradient printing
approach would render it useful for a wide range of tissue engineering objectives. For
example, Dr. Bakarich applied the automated gradient system for the fabrication of
tough hydrogel scaffolds for tendon applications, where gradients are necessary to
transition between the disparate mechanical properties of the tendon and the bone
[331]. However, for the specific aim of producing multi-functionalised PNGs it was
considered beneficial to integrate the gradient fabrication approach with wet-spinning,
to allow for gradients to be incorporated into the multi-functionalised fibers described in
Chapter 6.

8.3.2.3 Integration with Wet-Spinning Apparatus
The final step towards multi-functionalised gradient fibers taken during the course of
this thesis was the integration of the gradient printing process with the wet-spinning
apparatus applied in Chapter 6. The stainless steel coagulation bath, five-channel RaméHart spinneret, CaCl2 syringe pump and washing protocols were all applied as described
for the fabrication of multi-lumenal ALG fibers in Section 6.2.3. For gradient printing,
the direct delivery of polysaccharide solution from a single syringe pump was replaced
with the paired Legardo syringe pumps, Y-junction and chaotic mixing elements
described in Section 8.3.2.1, with the output from the chaotic mixer being connected to
the inlet nozzle of the Ramé-Hart spinneret (Figure 8.16: A). To minimise fiber
distortion, both Legardo syringes were loaded with 1 % GG solutions that differed only
in the inclusion of green dye to the 2nd syringe. The syringe pumps were programmed to
deliver an initially constant 2 mL/min flow of the undyed GG solution, which would
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continue until the pumps were manually triggered to begin a 3 second ramp to a 2
mL/min flow of the dyed solution. This delayed onset of the gradient delivery was found
to be an important factor in the successful formation of gradient fibers, as it allowed for
an initial period of drawing that stabilised the structure of the forming fiber prior to
initiation of the gradient region. Fibers were then trimmed upon removal from the
coagulation bath to retain the critical gradient section. Figure 8.16: B shows images
taken of the fibers as they exited the spinneret tip during the delivery of undyed (Figure
8.16: B1), mixed (Figure 8.16: B2), and green-dyed (Figure 8.16: B3) GG solutions.
Completed fibers shown in (Figure 8.16: C) demonstrated the green/clear gradients
longitudinally along the fibers, as well as the presence of the red-dyed CaCl2 channels,
which appeared unperturbed by the gradient formation process. Whilst promising, these
multi-lumenal gradient fibers provided only a preliminary proof-of-concept, and
development of the approach would benefit greatly from a more detailed assessment of
fiber structure and consistency than that afforded here.

Figure 8.16: Wet-Spinning of Multi-Lumenal Gradient Fibers: (A) Schematic diagram of the wetspinning apparatus, applying two syringe pumps for gradient formation and a third for the internal
channels. (B1–B3) The spinneret tip at three time points during the spinning process showing the delivery
of a clear sheath (B1), mixed output (B2) and the green-dyed sheath (B3). (C1, C2) Fibers fabricated with
both longitudinal gradients (green/clear) and internal channels (red).
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8.3.2.4 Suggested Studies on Wet-Spinning
The use of glass tapers for the formation of internally structured PNG fibers was of
limited success, and was ultimately superseded by the implementation of stainless steel
spinnerets. However, the range of internal geometries achievable with the glass tapers
was substantially more versatile than those available in the current range of stainlesssteel spinnerets. In light of the more reliable processing afforded by the steel spinnerets,
it is likely that these will provide a more suitable platform for future spinneret
development than the glass tapers. Nevertheless, several modifications of the spinnerets
for PNG fabrication would be useful, such as an increase in the number of nestled
outlets, reducing the wall-thickness of the nestled syringes and connecting each outlet to
individual Luer-lock inlets to provide better control of fluid flows and the opportunity to
deliver several distinct lumen fillers.

With regards to the gradient-forming process, there is clear scope for further
development both for PNG fabrication and tissue engineering more generally. The
integration of gradients with the PNG wet-spinning process was developed as a step
towards the spatially controlled delivery of growth factors to the sheath-layer of a PNG.
The first logical step towards this goal would be a thorough characterisation of gradient
fibers in terms of the quality and reproducibility of formed gradients. Additionally, the
identification and testing of methods for the controlled release of growth factors within
the gradient fibers would be critical to retaining gradients in the fiber for periods
sufficient to direct axon extension. Alternatively, it may be preferable to deliver
gradients of live Schwann cells, which actively produce NGF as well as performing a
range of other activities that support the regeneration of axons. In either case, the
formation of gradients of growth factors and/or Schwann cells should be integrated with
the other wet-spinning methods described in Chapter 6, including collagen lumen filling
and rLCGO fiber encapsulation. The impacts of the gradients, and other functionalities,
should then be assessed with cell studies, moving the multi-functional fibers towards
eventual animal explant (DRG) and in vivo nerve repair experiments. More broadly, the
fabrication of gradients has applications across a wide range of tissue engineering
challenges. The integration of gradients into 3D printed scaffolds has the potential to
direct the self-organisation and maturation of developing tissues, and gradient
fabrication processes warrant extensive further study.
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